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Crystal Evaluation R. B. Campbell 
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This repor t  covers the r e su l t s  of the invest igat ion i n  
/. 
the  
fabr ica t ion  of a high temperature s i l i con  carbide (S ic)  integrated 
c i r c u i t  using the junction-gate type f ie ld-ef fec t  t r a n s i s t o r  (FET) as 
an ac t ive  component. 
w a s  u t i l i z e d  providing precise  control i n  making the  planar device 
configuration. 
1800°C t o  21OO0C. 
as a diffusion mask. The self-masked diffusion process consis ts  of the 
2 
The modern photoresist  masked-diffusion technique 
Aluminum diff’usion i n  SIC requires temperatures from 
A t  these temperatures only S ic  i t s e l f  proved ef fec t ive  
* following s teps :  (1) growth of Si0 on the SIC, ( 2 )  photoresis t  etching 
of the Si0 
( 3 )  chlorine etching of the SIC through the openings of the  Si02 mask, 
(4)  aluminum diffusion, the unetched Sic  acted as a diffusion mask, and 
( 5 )  removal of the S ic  self-mask t o  obtain a planar s t ructure .  
t o  expose areas of designed pa t te rn  f o r  chlorine etching, 2 
Device fabr ica t ion  techniques of high precis ion necessary f o r  
the self-masked diffusion process have been f’urther investigated.  A Sic 
p l a t e l e t  with an area of about 6 mm x 6 mm can be lapped with a paral le l ism 
precis ion of Z l p  and a thickness precis ion of + 7 p  a t  a thickness of 52p. 
Smooth chlorine e tch  surfaces have been obtained with l e s s  than 1p 
texture at e tcn  ciepiilts Up to S+. 4- slrrface concentration of aluminum 
grea te r  than 10l8 c m 3  has been at ta ined i n  S ic  during diffusion and 
junction depths up t o  38p have been diffused with a precis ion of + - 4. 
In addi t ion t o  i t s  use as a chlorine-etch mask, the  Si02 formation can 
be used f o r  accurate junction delineation, face iden t i f i ca t ion  and 
remwal of damaged material after mechanical polishing. 
7 
iii 
With the achievement of such precise techniques, a complete 
microelectronic process has been developed f o r  t he  fabricat ion of S ic  
monolithic planar devices. The fabricat ion of F'ET from crys ta l s  of 
medium quality f o r  the purpose of process evaluation has already 
yielded two t rans is tors  out of twenty possible devices from three 
crystals .  These re su l t s  have shown t h a t  t h i s  process is adequate f o r  
the fabrication of FET, r e s i s to r s ,  and thus amplifiers containing FET 
and res i s tors .  
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1. INTRODUCTION 
Active and passive electronic components capable of operating 
at  temperatures of 50O0C and above are needed f o r  the construction of 
power conditioning, control, and telemetric systems i n  space vehicles. 
These canponents m u s t  be of l i g h t  weight, small s ize ,  l o w  power consump- 
t ion ,  high r e l i a b i l i t y  and long l i f e .  I n  cer ta in  applications,  these 
components must a l s o  be capable of withstanding a high energy, high 
densi ty  nuclear radiat ion flux. 
Most such systems presently being used are based on s i l i c o n  
0 
4 devices and a re  designed t o  operate a t  temperatures below 250 C and 
integrated neutron fluxes lower than 1014 evt. 
these components must have adequate cooling and shielding from thermal 
and nuclear radiation. 
and weight of the electronic  systems is severe. 
For space applications, 
a 
The penalty involved i n  the increase of s i z e  
There e x i s t  two approaches t o  the solution of t h i s  problem: 
high temperature ceramic tubes and wide-band-gap semiconductor devices. 
The first approach has its inherent drawbacks since ceramic tubes are 
bulky and usually have large power losses,  slow speed, l o w  r e l i a b i l i t y  
and shor t  l i fe  i n  comparison with semiconductor devices. It is expected, 
however, t ha t  for very nigh parer systeais e e r a f z  tt;bzs ~ e y  be fs.rcz=ble 
because of t h e i r  high voltage capability. The second approach holds 
great promise, par t icu lar ly  f o r  control systems and power conditioning 
systems of the  medium power range. For law-power instrumentation and 
- 1 -  
telemetric systems, the  second approach becomes unique since it can 
u t i l i z e  the  very important concept of integrated c i rcu i t s .  The de- 
v e l o p e n t  of wide-band-gap semiconductor integrated c i r c u i t s  can avoid 
the need f o r  high temperature passive camponents, most of which are 
not available 
Hexagonal s i l i c o n  carbide has a r e l a t ive ly  wide energy band- 
gap (about 3.0 e V  f o r  ~ E I  polytype Sic, compared with 1.1 e V  for s i l icon) .  
It can be made e i the r  n-type or p-type and is qui te  stable at  elevated 
temperatures. 
broad program of research i n  SIC technology, including c rys t a l  
grarth? (1-7) device fabrication, (6-23) investigation of basic proper- 
t i e s ?  (24-43) and study of radiat ion e f fec ts .  (15-17) The high temperature 
operating capabi l i ty  of SIC devices has been established. 
developed at  t h i s  laboratory include 50O0C power r e c t i f i e r s  w i t h  150 V 
peak reverse voltage and current ra t ings up t o  about 10A,(6) nuclear 
pa r t i c l e  detectors operable up t o  700°C, (15-17 and u l t r av io l e t  
detectors sharing responses of 1-100 mV near 2850 8 a t  53OoC. 
Si l icon carbide act ive devices have been shown feasible .  
f ie ld-ef fec t  t r ans i s to r  of the junction-gate type has been demonstrated 
exhibit ing a power gain at 5 0 0 O C .  
The Westinghouse Research Laboratories has pursued a 
Devices 
(20,211 
A unipolar 
(13,14) 
The response of s i l i c o n  carbide t o  nuclear i r r ad ia t ion  has 
not been extensively studied. 
such a8 s i l icon  carbide, should have a higher tolerance t o  nuclear 
radiat ion than s i l i c o n  f o r  two reasons: 
doping impurities can be used, and (2)  appreciable thermal annealing 
However, wide band-gap semiconductors, 
(1) a higher concentration of 
- 2 -  
occurs a t  the operating temperature. 
pa r t i c l e  detectors (15) have shown t h a t  annealing a t  temperatures up t o  
800°C f o r  periods of one hour can restore  over 70% of the  i n i t i a l  
col lect ion eff ic iency and counting rate of the detector which had been 
irradiated with 2 Mev protons t o  the equivalent dosage of 10 
Recent data have a l s o  indicated that  a SIC unipolar f i e ld -e f f ec t  
Preliminary da ta  on Sic  nuclear 
J 
16 nvt. 
t r ans i s to r  of the junction-gate type should be operated up t o  an in te -  
It w a s  revealed grated neutron flux greater than l0l6 nvt a t  500OC. (18) 
recent ly  t h a t  the irradiation-produced defects which control  ca r r i e r  
recombination appear quite d i f fe ren t  from the defects which control 
e l e c t r i c a l  conductivity.(17) The former anneal hardly a t  all and the 
l a t te r  anneal almost completely below 500°C. 
a SIC unipolar device should have a higher radiat ion resis tance than a 
Based on t h i s  information, 
SIC bipolar device, operated a t  high temperatures since the operation 
of a unipolar device involves no car r ie r  recombination mechanism. 
The present program w a s  i n i t i a t e d  on the basis of the techno- 
log ica l  background discussed above, with the objective of demonstrating 
the f e a s i b i l i t y  of a high temperature S ic  integrated c i r cu i t .  
has included the following areas: 
The work 
1) Device Design - Design of the device s t ructures  and 
fabr ica t ion  processes of a prototype SIC integrated amplifier, based 
on the  use of a junction-gate type unipolar t r ans i s to r  a6 the act ive 
component, and taking in to  consideration the properties of the avai l -  
able Sic materials and probable fabrication technology. 
2) Crystal Growth - Preparation and evaluation of high-purity 
i 
hexagonal SIC p la t e l e t s  employing the state-of-the-art  sublimation-growth 
- 3 -  
techniques 
3)  Junction firmation - Studies of diffusion and epitaxy 
methods so t h a t  the junction p ro f i l e  required f o r  the  amplifier can 
be prepared. 
4) Device Fabrication - Investigations of basic fabr ica t ion  
techniques--including mechanical shaping, thermal oxidation, chlorine 
etching, contacting, and device assembly--and development of processing 
procedures f o r  the  fabr ica t ion  of a prototype S ic  amplifier. 
5 )  Device Etvaluation - Measurements of the charac te r i s t ics  
of the  act ive and passive S ic  components as well  as the integrated 
c i r cu i t .  
- 4 -  
2. DEVICE AND PROCESS DESIGN 
2.1 Circui t  Design 
Circui t  design is an intermediate s t e p  which es tab l i shes  the  
parameters required f o r  the component design and the design of a r ea l -  
i zab le  integrated s t ruc ture  having the required properties.  
The e l e c t r i c a l  specif icat ions f o r  the  designed amplifier are 
listed, as follows: 
a) DC voltage gain: minimum of 10 
b )  Frequency response: 1 Mc or  higher 
c )  Power supply: + 24 vo l t s  dc 
d )  Power output: 10 mW or  higher 
These specif icat ions generally suggest a c i r c u i t  containing at l e a s t  
one power amplifying device. The minimum gain required is s u f f i c i e n t l y  
low t h a t  it should be s a t i s f i e d  by a w e l l  designed c i r c u i t  containing a 
s ing le  ac t ive  device. 
b i l i t y  of such an amplifier should be demonstrated w i t h  a simple c i r c u i t  
which presents the minhum foreseeable d i f f i c u l t y  i n  its fabricat ion.  
Such a c i r c u i t  is sham i n  Figure 2.1 i n  which the  s ing le  act ive device 
used is a junction-gate type unipolar t r ans i s to r ,  and the  only passive 
devices used are three resistors. 
the  work, e f f o r t s  have been directed toward the design and fabr ica t ion  
of this simple c i r c u i t  and corresponding integrated s t ruc ture  which 
satisfies the performance specification. 
A t  the  present state of development, the  f eas i -  
Because of the exploratory nature of 
Classical c i r c u i t  analysis sha is  t h a t  i f  separate components 
are connected together t o  form the c i r c u i t  of Figure 2.1, an equivalent 
- 5 -  
Vdd 
eout 
G 
ein S 
R s  
-. 
Figure 2.1 - Schematic diagram of an amplifier circuit 
nwe 2.2 - Equivalent ac circuit for Figure 2.1 
D 
Figure 2.3-Midband approximate ac equivalent of Figure 2.1 
- 6 -  
. 
c i r c u i t  f'rm which ac performance can be predicted is as sham i n  
Figure 2.2. Furthermore, i f  certain reasonable assumptions are m a d e  
concerning secondary e f fec ts ,  an  even simpler equivalent c i r c u i t  from 
which ac performance may be predicted a t  midband is  shown i n  Figure 2.3. 
Assuming that 
the ac voltage gain (A ) of t h i s  equivalent c i r c u i t  is: 
V 
Av P R /R a 6' 
"he mathematical derivation of t h i s  r e l a t ion  is given as Appendix A. 
2.2 Transistor Design 
The junction-gate type unipolar f ie ld-ef fec t  t r ans i s to r  can 
be regarded as a so l id-s ta te  tr iode containing a semiconducting current 
path (instead of vacuum or  gaseous), the conductivity of which is 
modulated by applying a transverse e l e c t r i c  field. 
f o r  analysis and design is shown i n  Figure 2.4. 
sists of a wafer of n-type semiconductor ( in  t h i s  case, SIC) with ohmic 
contacts &, z ~ c h  end, -5 t . 2 ~  p - t m  reginns at. the center of ogos ing  
A s t ruc ture  su i tab le  
The device shown con- 
faces.  "he ohmic contacts are called the "source" and "drain" and the 
p-type regions are cal led the "gates". 
t h e  gates is  cal led the "channel". 
The conducting layer between 
- 7 -  
so 
Dwg. 748A4 
' L n - t y p e  Gate ( p-type) 
Fig. 2.4(A) -Schematic fo r  describing t h e  theory of i t s  operation 
D rai  n 
+ 
p-type 
n -type +L- 
Fig. 2.4(B) -Section view of an actual device 
Fig. 2.4-Junction-gate type unipolar t rans is tor  
-8- 
The theory of t he  unipolar t r a n s i s t o r  has been developed i n  
r d e t a i l  by Shockley, and Dacey and Ross (45) assumfng tha t  the  gates  
are abrupt junctions. The equations derived from the theory are repro- 
duced here. The s t r u c t u r a l  parameters t o  be deterrnined are the channel 
thickness, 2a; length,  L; and width,  Z. These are obtained i n  terms of 
the material propert ies  and the desired operating voltages and currents.  
The following notations and units w i l l  be used. 
NO 
U 
P 
K 
9 
wo 
IO 
vG 
vD 
ID 
ionized donor concentration of the channel material 
channel conductivity (ohm-' cm-l) 
(cm-3 ) 
of the channel material 
d i e l e c t r i c  constaiit of S i c  (z  9 x 1O-l'  farads cm-l) 
e lec t ronic  charge = 1.6 x 10'19 coulombs 
pinch-off voltage (vo l t )  
drain current a t  pinch-off for  VG = 0 
gate voltage (vol t )  
drain voltage (vo l t )  
drain current (amperes ) 
maximum operating frequency (cycles per sec )  
m a x i m u m  power density ( w a t t s / c m  2 ) 
- 1l l tw;uUILu ---- -- 2," ---i .LbbA- ncn.rc)y =""-A (VrttE 
The channel thickness,  2a, is  given by: 
2a = 2(2KW /qNo)1/2 = 6.7 x 103(W /N )1/2 cm (2.2.1) 
0 0 0  
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This relat ionship is shown graphically i n  Figure 2.5. 
material of No = 1015 
a channel thickness of‘ 10 microns is obtained. The channel thickness 
w i l l  be only about one micron for  a channel material of No = 1017 cm 
with the same pinch-off voltage. 
For a channel 
along with a pinch-off voltage of 25 vo l t s ,  
-3 
The ranges of donor concentrations and channel thickness i n  
Figure 2.5 are within the  capabi l i ty  of the present methods of c r y s t a l  
growth and junction formation. 
The remaining dimensions of the device, the channel length,  L; 
and width, Z; can be determined f’rom Equations (2.2.21, (2.2.31, (2.2.41, 
and (2.2.5). 
Io = ~ U W ~ ~ Z / ~ L  
2 Pm = 2uW0 aZ/3L2 
Po = IOWO = PmLZ 
fmax = (rr/47cK) (a/L)* 
(2.2.2) 
(2.2.3) 
(2.2.4) 
(2.2.5) 
These equations a re  in t e r - r e l a t ed  and therefore  can be used i n  severa l  
ways depending on l imi t ing  parameters and the parameter t o  be optimized. 
The l i m i t i n g  parameters involve the channel dimension and c r y s t a l  
qual i ty .  For instance, the  tolerance of the gate contact a rea  d i c t a t e s  
the channel length  t o  be no l e s s  than 50 microns. These parameters a re  
l isted as follows: 
, 
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C u r v e  5 7 5 6 9 2 4  
10 
- 
.- 1.0 
I- 
I 1 I I 
1oi5 1oi6 
-3 Donor Concentration, No cm 
17 
lo1' 
Figure 2.5 - Channel thickness as a function of donor concentration 
and pinch-off voltage, for the abrupt gate junction case 
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L 50 microns 
2a 2 2 microns 
N 0 2 1Ol6 cmw3 a t  500°C 
p < 40 cm 2 volt-' sec  -1 a t  5OO0C 
Based on these parameters, the  device design data  can be 
calculated and these data  are l i s t e d  i n  Table  2.1. 
Table  2.1 Design Data f o r  S i c  Unipolar Transistor 
Donor Concentration of the  
Channel Material, No 
Electron Mobility of the 
Channel Material a t  5OO0C, p 
Channel or  gate Length, L 
Channel o r  gate Width, Z 
Channel thickness, 2a 
Pinch-of f voltage, Wo 
Maximum drain current,  Io 
Maximum Power Density, Pm 
Maximum Device Power, P 
Cut-off frequency, fmax 
cm-3 
2 -1 5 40 cm volt-' sec  
>, 50 microns 
2mm 
3 microns 
2 o V  
5 m A  
100 w cm-2 
100 mW 
5 MC sec - l  
It should be pointed out t h a t  t he  d a t a  presented above were 
based on t h e  donor concentration and e l ec t ron  mobil i ty  of t he  channel 
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* material of a fabricated device, and cannot be used f o r  designing the  
device dimension and charac te r i s t ics  based on the s t a r t i n g  c r y s t a l  
properties,  without taking in to  consideration the  fabricat ion process. 
A t  the  present state of development, the aluminum-diffused junction 
i n  S i c  is a l w a y s  graded, and the diffusion t a i l  beyond the  junction 
would compensate the  channel region appreciably. Thus, a channel with 
a lower effect ive donor concentration than the  s t a r t i n g  c r y s t a l  can be 
achieved. I n  other words, the  compensated channel would a l l o w  a l a rge r  
channel thickness with the use of s t a r t i n g  materials having a higher 
donor concentration. This is advantageous since high pur i ty  S i c  crystals 
present ly  grown have net donor concentrations around 1017 cm" with which 
- the  channel thickness would become very small. 
(18 1 A quant i ta t ive graded junction theory has been derived 
assuming tha t  the acceptor d i s t r ibu t ion  consis ts  of two exponential 
and symmetrical d is t r ibu t ions  extending in to  the c rys t a l  from opposite 
p a r a l l e l  faces. The two d is t r ibu t ions  form two gate junctions and t h e  
two diffusion ta i l s  overlap t o  produce the  t o t a l  acceptor concentration. 
This theory is more complex mathematically than the  abrupt junction 
theory. The calculat ion w a s  made through a Burroughs B5500 computer 
a t  t h e  Research Laboratories. Detailed data are avai lable  i n  the  
of t h i s  quant i ta t ive graded junction theory is  hardly needed. As w i l l  
be described later,  the  diff'usions in to  opposite p a r a l l e l  faces of t h e  
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crystal are usually not symmetrical, and during the  fabr ica t ion  process 
several  diffusions are performed under d i f fe r ing  conditions. The control  
of the device s t ruc ture  requires step-by-step evaluations. "he process- 
ing parameters are dependent rather on experimental da ta  and cannot be 
represented by such a quant i ta t ive theory. 
Based on t h e  d i f f l s ion  da ta  the  junction depth and the  net  
donor concentration i n  the  channel region can be determined. The 
simpler abrupt junction-gate theory would provide su f f i c i en t  information 
of the required channel dimension and t r ans i s to r  charac te r i s t ics  f o r  
control l ing the processing parameters. 
The design data c lear ly  indicate  the  need fo r  precise  dimen- 
s iona l  control i n  making the  t r ans i s to r .  
fabr icat ion plan based on the modern photoresis t  diff'usion mask approach 
employed f o r  s i l i c o n  planar devices and integrated c i r c u i t s .  
"his requirement l e d  t o  a 
Aluminum diff'usion i n  S ic  requires  temperatures from 1800°C 
t o  21OO0C. 
a diff'usion mask. 
laboratory (18) is  i l l u s t r a t e d  i n  Figure 2.6 and consis ts  of t he  
following s teps  : 
A t  these temperatures, only S i c  i tself  proved e f f ec t ive  as 
The self-masked diffusion process developed i n  t h i s  
1) Growth of Si0 over the  e n t i r e  carbon-face surface Of the  2 
Sic  c r y s t a l  by the  conventional steam oxidation technique, 
2)  Photoresist  etching of t he  oxide layer  t o  expose areas 
f o r  chlorine etching of the  SIC, 
3 )  Chlorine etching of the S I C  through the  openings of the 
Si0 mask, 2 
. 
Si02 Mask Dwg. 747A146 
r ,- 1 
n-type S i c  Crystal 
(a)  Section view, oxide mask after photoresist etch 
( b )  Following CI2-O2 etch and removal of oxide 
n-type 
\ 
P-tYPe \ 
\ 
( c )  Following di f fusion of p-type impur i ty  
Source Gat e 
Gate Gate 
Source Gate Dra in . 1 \ 1 -' 
(d)  l1Self-mask1l removed leaving f in ished s t ruc tu re  
Figure 2.6 - Schematic representation of method 
unipolar transistor by llself-maskedll d 
for making Sic 
ff us ion 
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. 
4 )  Uuminum diffusion,  
5 )  Removal of the S i c  self-mask t o  obtain a planar s t ructure .  
This "self-masked'' diff'usion process is a key technology which 
contributes t o  the success of achieving precise  control  of the  device 
s t ruc ture .  The basic processes are discussed i n  d e t a i l  i n  Sections 3 
and 4. 
2.3 Resistors Design 
The simple amplifier c i r c u i t  involves three r e s i s t o r s  of 
d i f f e ren t  values, designated as R 
According t o  the design data  l i s t e d i n  Table 2.1, t h e  maximum power 
d iss ipa t ion  of the t r a n s i s t o r  A 100 mW, m a x i m u m  drain current A 5 d, 
and voltage gain = 10, i.e. R = 10 Rs. 
RL and Rs, as shown i n  Figure 2.3. 
g ' 
a 
In  order t o  f ind  Rs we assume t h a t  20 mW of t he  t o t a l  100 mW 
power be diss ipated in  the Re and R 
value of 80 ohms approximately, and accordingly, 
R = 8000 ohms. 
ohms depending on the selected values of t he  m a x i m u m  dra in  current and 
power diss ipat ion.  
of magnitude var ia t ions.  In order t o  achieve such la rge  var ia t ions ,  a 
p a r a l l e l  layout of the  c r y s t a l  areas fo r  t he  lowest value r e s i s t o r  
and a series layout f o r  t he  highest  r e s i s t o r  value,  with intermediate 
layout fo r  the value i n  between have been considered i n  Figure 2.7(A);  
however improvements will be made, if necessary, i n  order t o  minimize 
p a r a s i t i c  capacitances. 
the  n-type c rys t a l  itself w i l l  be adopted as r e s i s t o r s  material. 
r e s i s to r s ,  then Rs should have a 
S 
= 800 ohms and 
The ac tua l  value of Rs may vary from 80 ohms t o  800 
i3 
I n  any way, the r e s i s t o r s  w i l l  involve three orders 
In  t h e  first approach t o  the  r e s i s t o r s  design 
The 
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2000ohm Der sauare 
I n te r  m ed i ate A r ra  na em ent 
Parallel Arrangement Series A r ranqement 
Carbon Face 
I ,- Con tact 
Acceptors diffused in both 
sides of parallel polished 
S i c  crystal 
Si02 masked, photoengraved, 
selectively ch lo r ine  etched 
as per resistors pattern 
Acceptors diffused in  order 
to isolate resistors 
Planar polishing, passivation, 
metalization of terminals 
Fig. 2.7-Resistors network design 
(A) schematic layout of a r ray  of resistors 
fo r  the  Sic integrated ampli f ier 
(B )  out l ine of process for  obtaining 
compatible, bulk, N-type resistors in 
Sic planar funct ional  blocks 
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j u s t i f i ca t ion  of t h i s  approach rests mainly in  t h e  fact t h a t  t he  
e l e c t r i c a l  properties of the high pu r i ty  c r y s t a l  are comparatively w e l l  
characterized i n  a large temperature interval .  As accurate da ta  on the 
r e s i s t i v i t y  of p-type materials are avai lable ,  t he  same design can be  
applied t o  t h e  p-type material. 
The r e l a t i v e l y  large temperature coef f ic ien t  of r e s i s t i v i t y  of 
SIC should be considered as an important design parameter. 
ture var ia t ions of bulk r e s i s t i v i t y  of high puri ty ,  n-type s i l i c o n  carbide 
The tempera- 
c rys t a l s  are accurately measured i n  a r e l a t i v e l y  rout ine fashion i n  t h i s  
laboratory. A t yp ica l  set  of conductivity da ta  f o r  high pu r i ty  n-type 
c r y s t a l  i s  given in  Table 2.2 
Table 2.2 Variation of Bulk Electric Conductivity with Temperature 
i n  High Purity,  N-Type SIC Crystals 
Temperature (OK ........................................................................ 
r e s i s t i v i t y  (ohm-cm ) 0.680 4.350 io. 600 
1.470 0.230 0.094 -1 conductivity (ohm 
~ ~~ ~~~~ 
The change i n  r e s i s t i v i t y  is indeed a la rge  one, compared t o  t h e  
tolerances normally accepted f o r  e lec t ronic  components. However, t he  
ac tua l  var ia t ion  of res i s tance  of t he  r e s i s t o r s  may be reduced because 
of the heating i n  the  r e s i s t o r  as w e l l  as a t  the  junction. 
One of t he  possible processes f o r  fabr ica t ing  a monolythic 
a r ray  of dc i so la ted  r e s i s t o r s  i s  i l l u s t r a t e d  i n  Figure 2.7(B).  This 
process is  again based on the  "self-masked" diffusion technique. The 
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I c rys t a l  is  lapped plane pa ra l l e l  l i k e  i n  t he  t r ans i s to r  process, and given , 
l a deep background acceptor diffusion. 
a t ion  the c r y s t a l  is oxidized, photoresist  masked and chlorine etched 
over the  i so la t ion  area regions. Later on, acceptors are diffused again 
Following diffusion depth evalu- 
1 
i n  t h e  c r y s t a l  so t h a t  the e n t i r e  isolat ion area is converted t o  p-type 
conductivity . 
The chlorine etch should be deeper i n  t h e  c r y s t a l  than the  
junction boundary over the  n-type material, after the second acceptor 
diffusion. When subsequently the upper pa r t  of the c r y s t a l  is removed 
by p a r a l l e l  lapping-polishing no res idual  p-type mater ia l  w i l l  be l e f t  
on top  of the  n-type regions which w i l l  be i so la ted  from each other by 
d converted p-type c rys ta l .  
Like i n  the  case of the t rans is tor ,  a nearly planar s t ruc ture  
w i l l  be avai lable  f o r  processing according t o  planar techniques. 
E lec t r i ca l  terminals w i l l  be photoengraved on the  r e s i s t o r  with a process 
iden t i ca l  t o  the one for  t h e  t rans is tor .  
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3 .  B A S I C  TECHNIQUES 
3.1 Introduction 
The major techniques involved i n  the development of a S ic  
amplifier are crystal growth, mechanical processing, junction formation, 
oxidation, chlorine etching, alloying and encapsulation. 
The sublimation-growth method has been extensively invest i -  
gated and has successfully produced S i c  c rys t a l s  of device quali ty.  
Several other methods of producing la rge  S i c  c rys t a l s  have been invest i -  
gated i n  various laborator ies .  None of these methods has resu l ted  i n  
hexagonal S i c  c rys t a l s  of a qual i ty  even close t o  t h a t  grown by the 
sublimation method. 
Recent improvements made i n  the growth process have resu l ted  
i n  fur ther  reduction of the  t o t a l  impurity concentration.(7) 
n-type c rys t a l s  have been produced w i t h  a net donor concentration of 
about lo1’ and electron mobili t ies up t o  500 crn2 volt-‘ sec- l  at  
room temperature. Crystals having lower donor o r  acceptor concentra- 
t i ons  are la rge ly  due t o  compensation and ac tua l ly  not of high purity.  
The crystals used f o r  device fabricat ion have nominal values 
Pure 
of ionized donor concentration oi’ 1-3 x 1017 cm-3 and electron mobil i t ies  
cf abs=% goo m2 7.rc1t-l set-1 at 25 0 r. m d  4n cn2 volt-1 sec-1 nt ~oooc .  
During the  ea r ly  s tages  of  the program it w a s  planned t o  use 
e p i t a x i a l  growth techniques t o  form one or  more of the  junctions. 
However, an a l l  diffused junction s t ruc ture  was adopted f o r  the f i n a l  
design for  the following reasons: 
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1) Suitable p-type e p i t a x i a l  l ayers  could not be grown by 
the thermal reduction technique. 
doped ep i t ax ia l  layers ,  and although boron-doped layers  were prepared, 
there  is insuf f ic ien t  information concerning boron 86 a dopant. 
It w a s  not possible t o  grow aluminum- 
2 )  Epi taxial  layers of the highest  qua l i ty  could be grown 
only on the "s i l icon1 '  face of the S ic  c rys ta l .  
the  "carbon" face were generally of poorer qual i ty .  
cat ion procedures t o  be described later requi re  processing of the "carbon" 
fece . 
The layers grown on 
Most of the f ab r i -  
3 )  The e p i t a x i a l  junctions a t  the present s ta te-of- the-ar t  
a re  in fe r io r  t o  the diffused junctions. 
4 )  
the diffusion process. 
The e p i t a x i a l  growth technique w a s  not as reproducible 86 
Crystal growth w a s  not an i n t eg ra l  pa r t  of t h i s  program, and 
the work w a s  supported mainly by the  Air Force Avionics Iaboratory 
under contracts AF 33(615)-2363 and AF 33(615)-1440. 
study w a s  also supported j o i n t l y  with the  Air Force. 
A comparatively de ta i led  descr ipt ion of the  growth of S ic  
The e p i t a x i a l  growth 
c rys t a l s  by the sublimation method, the e p i t a x i a l  growth of SIC by the  
thermal reduction technique and the  e l e c t r i c a l  and optical. character i -  
zation of the c rys t a l s  and e p i t a x i a l  layers is given, respect ively,  i n  
Appendix B, C and D. 
described i n  the following sect ions.  
The basic  device f ab r i ca t ion  techniques are 
3.2 Mechanical Processing 
Si l icon carbide p l a t e l e t s  as obtained from the  growth furnace 
vary i n  s ize  and thickness. For device use, these p l a t e l e t s  should be 
cut ,  i f  necessary, and lapped t o  a spec i f i c  dimension with a very small 
tolerance.  
diamond sca le  of 10, t h e  mechanical processing is always carr ied out with 
boron carbide g r i t  from No. 280 t o  No. 1000 and f i n a l l y  polished with 5 
t o  1/4 micron diamond paste. 
Since s i l i c o n  carbide has a hardness of about 9.5 on a 
For t h i s  program, it is  required t o  l a p  an area of about 6 mm 
x 6 mm with a parallelism tolerance of + 7p a t  a thickness of 52p. 
order t o  achieve t h i s  precision, a spec ia l  lapping j i g ,  designed and 
fabricated i n  these laborator ies ,  was used. This j i g  is shown i n  
Figures 3.1 and 3.2. 
c r y s t a l  t o  be positioned f l a t  and p a r a l l e l  t o  the plane of t h e  lapping 
surface. If desired,  several  c rys ta l s  can be mounted a t  one t i m e .  Since 
a thickness precision of + 7~ i s  needed, precision shims a re  inser ted 
between the  lapping f ix tu re  and the weizht s o  tha t  t he  lapping automatically 
s tops  at the  proper thickness. 
upper surface t o  obtain a planar device, the c r y s t a l  is examined durinq 
t h e  operation and the  lapping stopped when a l l  t he  source d ra in  and gate 
surfaces  are exposed and planar. 
In  - 
Figure 3.1 is the  mounting j i g  which allows the  
- 
(See Figure 3.2) For the  lapping of the 
A second method has been u t i l i z e d  t o  l a p  down t o  t h e  upper gate 
region. 
d i f f i c u l t  s ince su f f i c i en t  material  must be removed t o  permit metalliza- 
tion and contacting, yet preserve the  in t eg r i ty  of t he  individual devices. 
This process, which removes only a f e w  microns, i s  especial ly  
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Figure 3.1 Parallel Lapping J i g  with Mounting Fixture 
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RM 37169 
Figure 3.2 Parallel Lapping Jigs w i t h  Precision Shims 
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RM 37168 
This has been accomplished by mounting t h e  crystal ( p a r a l l e l )  with the 
bottom on a p l a t e  glass  and lapping the upper surface (gate region) by 
hand using a glass  s l ide.  
carbide) is put on the  c rys t a l  and the glass s l ide caref’ully moved back 
and f o r t h  over the  device area. 
t o  t he  c rys ta l ,  t he  device configuration is v i s i b l e  and depth of lapping 
together with the p lanar i ty  can be continuously checked. 
A s m a l l  amount of slurry (800 mesh boron 
If the  glass  s l i de  is  pressed t i g h t l y  
During many of t he  fabricat ion procedures, the device c r y s t a l  
is less than 40 microns thick,  therefore  extreme care must be taken i n  
handling t o  prevent breakage. It has been found most feasible t o  use 
vacuum tweezers fo r  t h i s  purpose. 
have been handled in  t h i s  manner (e.g., diffused, lapped, photoresisted,  
contacted, e t c .  ) without undue s t r a i n .  
Crystals less than 25 microns th ick  
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Figure 3.3 High Temperature Vacuum Tight Diff’usion Furnace 
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3.3 Aluminum Diffusion 
The aluminum diffusion process i s  of  first importance i n  the  
fabricat ion of the f i e l d  e f f e c t  t r ans i s to r  and the associated r e s i s to r s .  
A large effor t  [in pa r t  supported by contracts AF 33(615)-1440 and 
AT (301 ) -34053 (18'19) was  therefore expended t o  achieve a process suf f i -  
c i en t ly  reproducible f o r  
and b )  control of the diffusant  concentration. 
necessary for  the formation of the small channel thickness. 
a )  precision control  of the  junction depth, 
Both conditions are 
There are four basic requirements f o r  any diffusion process. 
1) An ambient condition f o r  the  c rys t a l s  such t h a t  t he  
surfaces of the c rys t a l s  are maintained, 
2)  A diffusant  i n  a proper thermodynamic form such t h a t  
diffusion can take place, 
3 )  Proper temperature such t h a t  diffusion proceeds a t  a 
s ign i f icant  rate, 
4 )  A "clean" ambient such t h a t  diffhsion of unwanted 
impurit ies does not take place. 
Aluminum diffusion i n  S ic  was first achieved i n  1958 by 
H. C. Chang and L. F. Wallace. The f'urnace used is shown schematically 
i n  Figure 3.3.  
electrodes are separated by a quartz cylinder which a l s o  ac t s  as a vacuum 
envelope. 
provide a uniform hot region. 
It is of t he  open tube-carr ier  gas type. The water cooled 
The heater was a graphite cylinder,  thinned a t  the  center  t o  
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SIC has a s igni f icant  vapor pressure a t  the temperature required 
f o r  aluminum diffusion (1800 t o  2000°C), and therefore the  c rys t a l s  must 
be diffused i n  a cavi ty  surrounded by S i  and C vapor species t o  minimize 
sublimation. 
t u re  gradient i n  the diffusion cavity must be very small. 
To reduce t ransport  of S i c  inside t h e  cavi ty  the  tempera- 
The d i f fusant  source used was 99.999$ aluminum contained i n  a 
high pu r i ty  boron n i t r i d e  crucible  which had been boiled i n  methanol t o  
remove the boron oxide binder. 
i n  t h e  gas flow system from t h e  S i c  c rys t a l s  t o  be diff’used. 
temperature of the  diffusant  source was usual ly  between 145OoC and 165OoC 
The loaded crucible was placed i lptream 
The 
and was not considered c r i t i c a l  by Chang and Wallace. The c a r r i e r  gas 
was argon containing 5$ by volume of hydrogen, however, pure argon gas 
was used a t  various times i n  the course of the experiments. Before being; 
used f o r  diffusion t h e  furnace is degassed a t  high temperature t o  remove 
v o l a t i l e  impurit ies inside the furnace. 
The c rys ta l s  a r e  prepared f o r  diffusion usina the followinq 
cleaning procedure : 
1) Trichloroethylene ul t rasonic  degrease - 1 minute 
2) Mixed Acids - ult rasonic  - 1 minute (5046 deionized 
H20, 25% H C 1  and 25s  HN03 
3 )  Deionized H-0 r i n s e  
4 )  
2 
HF ul t rasonic  - 1 minute 
5 )  Deionized H 0 rinse 
6 )  Acetone r in se  
2 
The c r y s t a l s  were s tored i n  clean bot t les  u n t i l  used fo r  diffusion.  
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After loading, the furnace is  evacuated t o  about 5 x t o r r  
and t h e  temperature ra i sed  t o  12Oo0C. The furnace is  then backfi l led 
with the Ar-H2 gas and a gas flow of 760 cc/minute f o r  15 minutes. 
temperature is then raised t o  the diffusion temperature (185Ooc - 2000°C) 
The 
w i t h  the  gas flow reduced t o  350 cc/minute. 
temperature of the furnace i s  about 2100°C. 
The maximum operating 
The development work i n  t h i s  program concerning d i f fus ion  may 
be divided in to  the following areas:  
1) Attainment of a su f f i c i en t ly  high surface concentration (Ns) 
t h a t  base c rys ta l s  having c a r r i e r  concentration near 
could be diffused t o  reasonable depths (up t o  38 microns) i n  reasonable 
t i m e  (up t o  40 hours), 
2)  
cm-’ a t  25OC 
Purif icat ion of the system s o  t h a t  the d i f fus ion  ambient 
is clean and t h e  aluminum vapor is not l o s t  by react ion w i t h  contaminants, 
3 )  Changes i n  the geometry of  the c r y s t a l  holder s o  t h a t  the  
surfaces of the c rys t a l  remain s tab le ,  
4) Refinements of the techniques f o r  de l inea t ing  the d i f fused  
junction. 
These areas w i l l  be discussed i n  turn.  
The net  donor concentration of most of the  c r y s t a l s  used fo r  
device fabricat ion is near 5 x Therefore a surface concen- 
t r a t i o n  of aluminum s ign i f i can t ly  hiqher than 5 x 1017 cm-3 is needed. 
Curves (52)  p lo t ted  from a computer so lu t ion  of the  d i f fus ion  equation 
(assuming a complementary e r r o r  function and the D 
energy determined by Chang and Wallace (I2)) are shown i n  Figures 
and ac t iva t ion  
0 
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0 3.4 a and b f o r  x>oo C and indicate tha t  a surface concentration near 
1 O l 8  is required f o r  reasonable diffusion times and temperatures. 
When t h i s  program was i n i t i a t e d ,  the  r e s u l t s  of Chang and 
Wallace (12) could not be reproduced. In  some cases, junctions could not 
be delineated, and when junctions were obtained, the r e su l t s  could not 
be repeated. The diffused junctions which were obtained a t  diff'usion 
temperatures of 2000 C had a calculated surface concentration of about 0 
3 2 x 1017 acceptors/cm which is much lower than tha t  obtained previously. 
Surface concentrations of t h i s  magnitude are insuf f ic ien t  since the  
background concentration of t he  s t a r t i n g  c rys t a l s  is near 1017 donors 
-3 c m .  
Evaluation of a diff'usion run was based mainly on the  junction 
depth obtained f o r  a given t i m e  and temperature and background concen- 
t r a t i o n  (NB) i n  the  c rys ta l .  
the  act ivat ion energy and diffusion constant of Chang e t  a l ,  and 
Ns w a s  determined from these da ta  using 
assuming a complementary e r ro r  function prof i le .  
c rys t a l s  was infer red  from Hall and resis t ivi ty  measurements on c rys ta l s  
NB f o r  the diff'used 
from the  same run. 
A number of experiments arr ived a t  increasing the surface 
concentration were carr ied out but a s ign i f icant  increase (up t o  
3 x I d 8  c ~ n - ~ )  was achieved only when the furnace w a s  sa turated with 
aluminum and a l l  contaminants were removed from the  furnace. The 
sa tu ra t ion  was accomplished by evaporating a r e l a t ive ly  large quant i ty  
of aluminum ( -J 8-10 0 s )  inside the  furnace. 
reacted with t h e  graphite heater and graphite shields  forming aluminum 
This aluminum apparently 
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carbides. It is  assumed t h a t  during the diffusion experiments aluminum 
vapor from the decomposing carbides as well  as aluminum vapor from the 
diffusant source were available fo r  diffusion. 
During ea r ly  diffusion experiments, some d i f f i c u l t y  w a s  
experienced with contamination of the source. 
E i t h e r  of two types of r e s u l t s  were observed: 1) the  
aluminum source w a s  covered with various compounds of A l ,  B, N2, C and 
O2 after diffusion and there  w a s  a weight gain of the source material 
with l i t t l e  o r  no diffusion being observed, o r  2 )  
loss of the aluminum source w a s  observed (10 t o  20 mg/hr), but the 
surface concentration w a s  very l a w  ( - 2  x lo1" acceptors-em-'). 
l a t te r  was generally obtained with high f l o w  rates of gas ( > 1/2 
l i ter /min) .  Also i n  the l a t t e r  case, a "cottony f ro th"  deposited i n  
the diffusion tube downstream f r o m  the c r y s t a l  boat a t  a temperature 
of about 14OO0C. 
complex of aluminum carbide and aluminum oxide. 
a s i q i f i c a n t  weiqht 
The 
X-ray analysis of t h i s  deposit  showed t h a t  it was a 
In view of the s ign i f icant  weight loss of the  source and 
the abundant deposition of  the complex, it w a s  hypothesized t h a t  the  
aluminum was i n  t h i s  complex form i n  the  vapor phase and w a s  nnavail- 
able f o r  diffusion. One obvious solut ion would be t o  eliminate O2 
from the system. 
pressure of ambient gas making en t ry  of 0 o r  H 0 from the  outside 
ambient unlikely, nevertheless, leaks were eliminated from the system 
which improved the  vacuum t o  2 x 10 t o r r  (near ly  2 orders of ma-1- 
tude improvement ) before backf i l l ing  with pure argon. 
The f'urnace is  usual ly  run a t  a s l i g h t  pos i t ive  
2 2 
-6 
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. 
The gas flow system u t i l i zed  a dry ice-acetone cold t r a p  for  
The bot t led  gas H 0 removal with a rather complicated valving system. 
avai lable  today is, i n  general, of higher pu r i ty  ( C 5 ppm 02, 2 ppm H20) 
2 
than t h a t  used i n  the or ig ina l  diffusion work of Chang and Wallace. (12 1 
In  order t o  eliminate a la rge  amount of plumbing f'rom the input gas 
system, diffusion was attempted using a d i r e c t  flow of high purity argon 
as the ambient gas (i.e., no t r a p  and a s ingle  valve with flow monitored 
a t  the furnace e x i t ) .  
improvement i n  surface concentration was observed and the source alumi- 
num had a meta l l ic  appearance. 
2 
The complex was s t i l l  formed; however, a s l i g h t  
54 H was then added t o  the A r  gas (or ig ina l  process) t o  
determine i f  it might prevent the complex from forming. The r e s u l t  
w a s  t h a t  the complex disappeared cmple t e ly  ( i n  diffusions up t o  6 hours) 
with a small amount of  deposition i n  a 24 hour run. The surface concen- 
18 -3 t r a t i o n  was a l s o  increased t o  about 2 x 10 m . 
To improve the surface s t a b i l i t y  of the c rys t a l s  during the 
d i f fus ion  process, the geometry of the c r y s t a l  holder w a s  modified. 
I n  place of t he  graphite and Sic grain geometry shown i n  Figure 3.3, a 
s o l i d ,  porous cylinder of S I C  (taken from a sublimation growth charge) 
w a s  used. The sublimation growth charge w a s  machined i n t o  the form of 
8 w l i d  cylinrler q p o x i m a t e l y  1-1/2" long and 1" i n  diameter ( the  I.D. 
of the  diffusion tube is approximately 1-1/8" i n  diameter). 
diameter hole w a s  then bored perpendicular t o  the  axis  of the  S ic  
cyl inder  about 3/bf1 f'rom one end. 
hole with aquadag such t h a t  t h e  large area  faces of the c rys ta l ,  faced 
A 1/2" 
The c rys t a l s  were mounted i n  t he  
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t he  hot graphite heater  (i.e.,  t he  plane of the  p l a t e l e t  i s  p a r a l l e l  
t o  t he  axis of the cylinder).  
these conditions resu l ted  i n  no detectable change i n  surfaces. 
Mff'usion f o r  10 hours a t  195OoC under 
The surfaces were checked by diamond scr ibing and breakinK 
off  a piece of the c rys t a l  before diffusion. 
pieces w e r e  f i t t e d  together after t h e  diffusion and compared under a 
high power microscope (450X). 
1 micron. ) 
The diffused and undiffused 
(The s e n s i t i v i t y  of t h i s  method i s  about 
Figure 3.5 shows a diffused, delineated junction i n  an Sic 
crys ta l .  The diffusion f ront  is qui te  uniform, and the  surfaces of 
the c rys t a l s  are e s sen t i a l ly  unchanged from t h e i r  pre-diffusion state. 
The diffused junctions a re  generally delineated by e lec t ro-  
l y t i c a l l y  etching i n  a HF-alcohol mixture. The standard etching solu- 
t i o n  is 0.3 cc 4 9  HF t o  50 cc alcohol although the  r e l a t i v e  concentra- 
t ions  are adjusted according t o  the  r e s i s t i v i t y  of t he  c r y s t a l  t o  
achieve e f f i c i en t  etching. 
i n  t h i s  manner. 
The c rys t a l s  shown i n  Figure 3.5 were etched 
The second delineation technique u t i l i z e s  the difference i n  
oxidation r a t e s  of p-type and n-type material. "his method is  described 
i n  Section 3.4. 
Figure 3.5 Aluminum diff’used junctions on upper (a )  and lower ( b )  
surfaces of Sic  c r y s t a l  
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3.4 Oxidation 
Si l icon dioxide can be grown on S ic  by a method s i m i l a r  t o  
theone used for  t he  growth of Si0 
takesplace at  90' t o  1 2 0 0 ° C  i n  a c a r r i e r  gas such as argon or  oxygen 
saturatedwith water vapor a t  100°C.(18,22) 
growat a s ign i f i can t ly  d i f f e ren t  r a t e  on the  carbon face of the  SIC 
on s i l i c o n  crys ta l s .  Oxidation 2 
The oxide is  found t o  
surface as compared t o  the g r w t h  r a t e  on the s i l i c o n  face,  the growth 
r a t e  being approximately 6 t o  7 times f a s t e r  on the  carbon face. In  
addition the growth rate of the oxide on the  carbon face of the SIC 
surface i s  s ign i f i can t ly  slower than t h a t  on s i l i c o n  c rys t a l s ,  but 
appears t o  obey the same square l a w  found f o r  the growth r a t e  on 
s i l i con .  
In order t o  have be t t e r  control  of the  various processes i n  
which the S i O e  layer is  used i n  the fabricat ion of the unipolar t ran-  
s i s t o r ,  a number of experiments on the growth of Si0 
face of  Sic were performed, as well  as the  etching r a t e  of th i s  oxide 
i n  the buffered " e t c h  rout ine ly  used i n  the photoresis t  process. 
on the  carbon 2 
The 
data  from these experiments a re  given i n  Table 3.1. 
The thickness of t he  oxide was determined by interference 
fr inge counts using a sodium l i g h t  and tak ing  1900 8 per f r inge .  
fringe counts were ca l ibra ted  using a s i l i c o n  wafer oxidized a t  the  
The 
same t i m e .  
r e su l t i ng  from the  difference i n  the  indices  of r e f r ac t ion  of S i  and 
The e r r o r  introduced by the phase of t h e  zero order fringe 
SIC w a s  neglected, and the  index of r e f r ac t ion  of oxide gram on SIC 
w a s  assumed t o  be the  same as t h a t  gram on s i l i con .  
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Table 3.1 
GROWTH OF Si02 ON CARBON FACE OF S ic  AT l l 7 3 O C  
AND 'ETCHING RATE OF SiOe WITH BUFFERED HF SOLUTION AT 25OC 
Oxidat ion  Etching Rate of Si02 
Run Time Carrier Gas Thickness i n  Buffered HF 
No. (hours) Flow = 120 cc/min (E) (%in ) - 
2 11.25 Ar 17,000 980 
4 15 .o A r  20,900 860 
5 11.0 O2 17,050 
6 1.7 Ar 5,400 830 
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The oxidation of S i c  follows the  same parabolic l a w  of the  
oxidation o f  S i ,  viz:  
where d =I thickness i n  8 
t = t i m e  i n  hours 
and K (a constant)  w a s  found t o  be 3900 8 f o r  S i c  as compared t o  
6 9 0  8 f o r  Si.  This w a s  determined a t  1173OC.  
Using a standard buffered HF solut ion (7 parts NHqF t o  1 pa r t  
49$ HF) as an etchant,  the  average etching rates of the  Si02 on SIC o r  
S i  were found t o  be e s sen t i a l ly  the same, about 870 8/min a t  25OC. No 
s ign i f icant  difference w a s  found i n  the etching rate of oxides grown 
using argon o r  oxygen as the  c a r r i e r  gas. 
The SiOp layer i s  u t i l i z e d  i n  severa l  w a y s  i n  the  fabr ica t ion  
of the t rans is tor .  
1) As a mask f o r  the  chlorine e tch  i n  p re fe ren t i a l ly  etching 
SIC t o  create the self-diffusion mask for  formation of t he  upper gate 
and source and d r a i n  regions (see Fig. 2.6), 
2) As a posi t ive means of  ident i fy ing  t h e  po la r i ty  of the  
SIC c r y s t a l  surface,  i.e., t he  C o r  S i  face f o r  processing, 
3 ) 
4) 
regions on a c rys ta l .  
Contact confinement i n  the  contact a l loying process , 
As a means of del ineat ing p-type regions from n-type 
(See Figure 3 . 6 )  
The las t  one is an Important and new contr ibut ion t o  SIC tech- 
nology. 1% has been found t h a t  t he  oxide grows a t  a d i f f e ren t  rate on 
. 
- 4 0  - 
480X view of t he  i s o l a t i o n  
region of a FET after pol ishing 
t o  p lanar i ty .  The d i f fe rence  i n  
co lor  of the  oxide de l inea tes  
the depth of t h e  second aluminum 
dif  fus ion. 
48OX detail of gate  region after 
reduction t o  p lanar i ty .  The 
di f fe rence  i n  color  of t h e  oxide 
offers  an easy de l inea t ion  method. 
c (P 
360X cross  sec t ion  of a c r y s t a l  
a f t e r  first aluminum diff’usion. 
Notice difference i n  co lor  of 
t he  n and p areas and t h i ck  oxide 
layer on carbon face  of t he  c rys t a l .  
I 
Figure 3.6 Oxide de l inea t ion  of p-n junctions 
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p and n-type regions on a s ingle  c rys t a l  of SIC leading t o  a d i f f e ren t  
coloration of these regions as a r e s u l t  of the  interferences of t h in  
films. That the  difference i n  coloration is  a r e s u l t  of a t  l e a s t  a 
difference i n  the oxide thickness has been shown by long oxidation of 
surface with both p and n regions and a del ineat ion of these regions 
a f t e r  the removal of the  oxide. 
This difference i n  oxidation has a l so  been used i n  the  deline- 
a t ion  of junctions a f t e r  edge polishing a c r y s t a l  t o  determine the 
junction depth a f t e r  aluminum diffusion. 
oxidation coloration i s  d i f f e ren t  on the edge of the c r y s t a l  f r o m  t h a t  
on the carbon face of the same c r y s t a l  indicat ing t h a t  the  oxidation 
r a t e  is anisotropic i n  crystal lographic  d i rec t ion  i n  addi t ion t o  the 
anisotropy of the two faces. 
checked and found t o  be i n  agreement with the  junction del ineat ion 
observed on the  e l e c t r o l y t i c  etch.  
time of oxidation required f o r  edge del ineat ion (- l l i ” j ° C )  is con- 
s iderably longer ( m i n i m u m  of 90 minutes f o r  r a the r  poor de l inea t ion)  
than t h a t  required f o r  del ineat ion on the carbon face  (30 minutes Rives 
a very clear  del ineat ion)  indicat ing t h a t  t he  difference i n  oxidation 
r a t e s  on p-type from n-type is  probably considerably grea te r  i n  the 
C-direction than perpendicular t o  the  C-direction. 
It has been noted t h a t  the 
The del ineat ion is c l e a r  and has been 
It has a l s o  been noted t h a t  the 
The c lear  del ineat ion of the gate  region from the  source and 
d ra in  regions on the carbon face give a means of pos i t i ve  iden t i f i ca t ion  
fo r  photoresist  mask alignment i n  the  contact process. 
c l ea r ly  shows when a gate  region is incumplete as a r e s u l t  of non p a r a l l e l  
lapping h E m O V a l  of the  SIC self-diffusion mask, and also ind ica tes  the  
In addi t ion,  it 
8 
failure mode of t h a t  device thereby saving time of fu r the r  processing 
t h i s  device. 
It has a l so  been found tha t  Si02 is  usefu l  i n  confining the 
a l loy  when al loying contacts onto the c rys ta l .  For t h i s  reason, the  
contacts are deposited through a window i n  the oxide t o  prevent 
spreading of the contact and consequent short ing of t he  planar junctions 
during alloying. 
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3.5 Chlorine Etching 
It was  shown previously t h a t  chlorine w i l l  e tch  S i c  surfaces 
at  elevated temperatures. (22) During an a l l i e d  program (I8) t h i s  method 
w a s  developed and the  etching rate determined as a function of tempera- 
ture. 
technique i s  now a controllable fabr ica t ion  procedure. 
The experimental apparatus now used for  the  etching is shown 
I n  the present program f i r t h e r  improvements were made and t h i s  
i n  Figures 3.7 and 3.8. 
placed on the quartz boat sample holder which is fused t o  a holluw 
quartz rod containing the monitoring thermocouple. The control  thermo- 
couple, mounted near the  heater,  keeps the temperature f luc tua t ions  of 
t he  furnace t o  within 1% of the operating temperature. 
the quartz rod-sample boat assembly is inser ted  i n t o  the  react ion 
chamber with the  sample i n  place. The reac t ion  tube is  flushed with 
argon with the specimen at  room temperature and the  etching mixture 
The s i l i c o n  carbide c r y s t a l  t o  be etched is  
In operation 
introduced. The fbrnace i s  then ro l l ed  on the  t racks  u n t i l  the  speci-  
men is  i n  the uniform temperature zone of t he  flwnace. This zone has 
been determined t o  be about two inches long. 
proceeded for  the required t i m e ,  t he  furnace is r o l l e d  back t o  the  i d l i n g  
posi t ion and the  crystal i s  allowed t o  cool t o  room temperature before 
being removed from the  react ion chamber. There is  very l i t t l e  thermal 
i n e r t i a  i n  t h i s  system, thus t h e  etchin? t i m e  can be control led qui te  
accurately. 
When the  etching has 
- 4 4 -  
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figure 3.8 Photograph of chlor ine etching apparatus 
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Three flowmeters are used for  monitoring t h e  f l o w  of C12, O2 
and Ar, with a flow rate range up t o  500 cc/min. 
area of t he  react ion tube is  6-7 cm , therefore,  t he  l i n e a r  ve loc i ty  can 
be varied from zero t o  one cm/sec which is within laminar flow condition. 
The cross-sectional 
2 
The following etchingreact ion occurs i n  the react ion tube: 
S i c  + 2CI2+ S i C 1 4  + C 
To remove the  carbon from the  surface, oxygen is added t o  t h e  etching 
react ion t o  form CO and CO 2' 
An idea of the  etching ra tes  obtainable with t h i s  method a r e  
shown i n  Figure 3.9. 
e tch  rate can be varied two orders of magnitude over a 300 degree 
This curve (determined e a r l i e r )  indicates  t he  
tempeature  range. 
t o  855 by volume, the etching r a t e  can be increased by a fac tor  of two. 
By varying the oxygen content from 159 by volume 
In fact it w a s  not possible t o  determine a maximum e tch  rate (as a 
f'unction of t he  C12, 0 mixture) as the etching r a t e  increase mono- 
ton ica l ly  with the O2 concentration. However, when the 0 concentration 
exceeds 50% by volume, large amounts of S i0  
rough, i r regular  e tch  surfaces. 
be d r a s t i c a l l y  reduced i n  t h a t  1) the pure chlorine etch leaves a 
pseudo-latt ice of carbon on the  surface, and 2 )  the undercutting of t he  
2 
2 
are formed, leading t o  2 
Similarly the  concentration of O2 cannot 
mask pat te rn  becomes more pronounced with a high chlorine concentration. 
It has been found most feas ib le  t o  control  t h e  e tch  r a t e  by mixing 
varying amounts of argon with the etchants. 
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Figure 3.9 - Chlorine etch rates 
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The argon retards the  etching r a t e  without negative s ide-effects .  The 
optimum concentration w a s  found t o  be: 
This composition 
minute a t  ~ O C ,  
required f o r  the  
45 cc/min c12 
120 cc/min AZ- 
10 cc/rnin o2 
gives an etching r a t e  of 0.25 
and is su f f i c i en t ly  fast t h a t  
etching . 
+ 0.02 microns per 
excessive times are not 
- 
These etching rates were determined on the  carbon face of the  
c rys t a l .  The etching r a t e  on the  s i l i c o n  face is a t  least an order of 
magnitude l e s s .  
A problem t h a t  occurred during t h i s  work was a surface rough- 
ness produced by the  etching and the formation of amorphous s i l i c o n  on 
ce r t a in  areas  of the  c rys ta l .  These amorphous layers would i n h i b i t  
f'urther etching. Figure 3.10 shows a rough cobblestone appearance on 
the  surface produced by etching. Such s t ruc tu re  would probably not 
prevent a device from operating, but it would ce r t a in ly  degrade the 
propert ies  s ince an uneven diffusion f i o n t  would r e s u l t .  Both e f f ec t s ,  
( t he  surface roughness and the amorphous s i l i c a )  disappeared when two 
fkrt'ner irnpr0w-ezeii-k "ere zee. 
H S O  f o r  t he  Cl,) before they entered the  reactor .  
tamination i n  the  gases would lead t o  the  formation of Si0 
would then deposit  on t h e  surface and prevent etching i n  those areas. 
Firstj the gases were dried (using 
Water vapor con- 2 4  
The SiOe 2' 
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Figure 3.10 Rough chlorine etched surface 
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It w a s  also found necessary t o  etch the c rys t a l  i n  a buffered KF 
solut ion (7 par t s  NHbF + 1 par t  49$ HI?) j u s t  before the chlorine etching. 
This treatment removed any small pieces of oxide l e f t  from the photo- 
r e s i s t  procedure, etc. ,  which apparently were the major cause of the 
cobblestone e f fec t .  
With these improvements, the process is  now qui te  controllable 
and extremely smooth etch surfaces a re  obtained. Figure 3.11 is an 
example of a chlorine etched surface only a very s l i g h t  texture ( < p )  
is noted on t h i s  surface. Such deviations are  permissible i n  the 
t r ans i s to r  fabr icat ion process. 
- 5 1  - 
Figure 3.11 Chlorine etched surface showing l i t t l e  texture  (56OX) 
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3.6 Alloying and Mountinq 
The s i ze  of unipolar t r ans i s to r  as present ly  designed is 32.5 
m i l s  x 38.75 m i l s .  The contact areas a r e  correspondingly small, f o r  
example, the upper gate contact dimensions a r e  60 x 60 microns. 
possible (although d i f f i c u l t )  t o  alloy a small contact t o  t h i s  area, 
It is 
(see Fig. 3.12) however, t o  achieve optimum operation of the t r a n s i s t o r ,  
the e n t i r e  length of the gate (corresponding t o  the channel width) must 
be contacted. 
x) microns, and t o  a l loy  contacts along the e n t i r e  length using a l loy  
The gate width (o r  channel length)  is approximately 
preforms would not be feasible .  Therefore the photoresist  process is  
a l s o  being used f o r  contacting. 
Gold-tantalum alloys (7J18) are  used as the  contacting 
materials, and a s e t  of photoresist  contact and re jec t ion  masks 
(described i n  Section 4.1) were prepared. 
The r e j ec t ion  mask process is  necessary s ince there  is  no 
convenient etchant f o r  tantalum. Concentrated HF w i l l  remove the 
tantalum but t h i s  a lso at tacks the SiOg. 
of aluminum i s  deposited over the c rys ta l .  
Therefore an evaporated f i l m  
Subsequently, when it is 
desired t o  remove a port ion of t h e  gold-tantalum f i l m s ,  etching i n  hot 
NaOH so lu t ion  will dissolve the  aluminum and thus remove the gold- 
txte.Lrm. by f lne t ing  it away. This process is  d i f f i c u l t ,  i n  t h a t  i f  
t he  aluminum f i l m  is  too th ick  the etching w i l l  e f f e c t  the  gold-tantalum 
on the contact area while i f  it is too t h i n  it w i l l  not completely s t r i p  
the  gold-tantalum film. 
Figure 3.12 Circular Au-Ta alloyed contacts  on square areas 
of  16 m i l s  x 16 m i l s  
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It was found most feasible  t o  prepare the  a l loy  films by 
sput te r ing  since the evaporation o f  tantalum i s  d i f f i c u l t  t o  control.  
The sput ter ing apparatus is shown i n  Figure 3.13. 
i s  the  mult iple  cathode assembly where up t o  four d i f f e ren t  mater ia ls  
can be sput tered without enter ing the system. External f i x tu r ing  makes 
it possible t o  r o t a t e  the individual cathodes i n  posi t ion over the 
specimen. 
An important feature 
In ea r ly  work a film of tantalum was sput tered over the 
surface ( 5 0 0  8 t h i c k )  followed by a layer  of gold (4000 a th ick) .  
However during the alloying, the gold had a tendency t o  b a l l  up and 
continuous contacts were not formed. This undesirable s i t ua t ion  is  
i l l u s t r a t e d  i n  Figure 3.14. 
layers  of gold and tantalum followed by s in t e r ing  t o  homogenize the 
a l loy ,  t he  al loying w a s  much more sa t i s fac tory .  
contacts prepared t h i s  way. Although there  i s  s t i l l  some ba l l i ng  up of 
the  gold, the  contact is continuous and has low contact res is tances .  
With further development, t h i s  technique would undoubtedly lead t o  f l a t ,  
uniform contact regions. 
Huwever, by sput ter ing f i v e  a l t e rna te  
Figure 3.15 shows 
Since the device is quite f r a g i l e ,  it must be alloyed t o  a 
s o l i d  t a b  before probe tes t ing .  A tungsten tab, previously sput tered 
with Au, and three alumina par ts ,  a l s o  gold sput tered on each end, are  
used f o r  t h i s  purpose. 
tungsten d isk  and alloyed at  about 1225OC. 
photoresis ted contacts a re  alloyed i n t o  the device. 
The c rys t a l  and the  posts a re  placed on the 
A t  t h e  same t i m e ,  the 
Thermocompression bonded gold leads (1 m i l  diameter) f r o m  the 
contact  areas t o  the posts  complete the assembly f o r  tes t ing .  
p l e t ed  device 1s shown i n  Figure 5.16. 
A com- 
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m w e  3.13 Sputtering Apparatus with Multiple Cathodes 
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Figure 3.14 Gold-Tantalum Alloy -- 
Note "balling" of Au 
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F'igure 3.15 More uniform a l loy ing  using layered 
Au Ts alloy (450X) 
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Figure 3.16 Completed Device (qX) 
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4. DEVICE FABRICATION 
4.1 Mask Design 
The photoresis t  masks used fo r  the amplifier components have 
undergone refinement during the program. 
designed t o  test fabricat ion procedures and process f e a s i b i l i t y .  (18) 
The main features  of these ea r ly  masks were large contact areas f o r  
both channel terminals  and gate. 
w a s  attempted. 
The i n i t i a l  masks were 
However, no i so l a t ion  between devices 
After the  fabr ica t ion  procedures (described i n  Section 3 )  
had been t e s t ed  new masks were designed which kept the proven 
mechanical features  of the old masks, but which provided i so la t ion .  
Figure 4.1 shows the s e t  of photoresis t  masks (Series 110) 
used i n  the  fabr ica t ion  of t h e  f i e l d  e f f e c t  t r ans i s to r .  
(110 = serial number; 1 = sequential  number) provides an e tch pa t te rn  
i n  the oxide fo r  chlorine etching of the i so l a t ion  grooves. 
110/2 provides an etch pat tern i n  the  oxide fo r  the gate region. 
During chlorine etching of the gate, the  i so l a t ion  grooves are etched 
deeper. 
contacting t o  the  Sic. 
t h e  same areas. Masir u u / 4  is used i n  cofiiuiictlofi with to expose 
t he  alignment pa t t e rn  around the  device. If t h i s  is not done, there  
is danger of short ing the lower g a t e  t o  the  source. 
designed t o  allow a metal e tch  procedure f o r  making contacts before 
developing t h e  mask re jec t ion  process. 
Mask 110/1 
Mask 
Mask 110/3 provides an etch pa t te rn  i n  the oxide f o r  e l e c t r i c a l  
The aluminum re jec t ion  mask is a l so  etched along 
- - - I %  
Mask 110/5 is 
The smallest divis ion of the  
I 
I I I 
Mask No. llO/1 
I 
I 
Mask No. 110/2 
= 
I I :  
Mask No. l l0/3 Mask No. 110/4 
Mask No. 110/4 Micrometer Scale 
Figure 4.1 Set of Photoresist Masks to Fabricate Field-Hfect Transistor 
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scale  of the masks shown i n  Ngure 4.1 is  0.01 mm (or 10 microns). 
Figure 4.2 is  a composite drawing of the mask system. 
Individual masks fo r  any one processing s t ep  can be derived f’rom such a 
composite drawing. 
The device has a basic rectangular shape providing suf f ic ien t  
contact areas and a t  the same time s t i l l  maintaining an almost unifonn 
dimension between source, drain and gate. This design a l so  makes max- 
imum use of c rys t a l  area. 
device technology have dictated the minimum distance between electrodes.  
While the dimension of the device may not be optimum f r o m  the theore t ica l  
point of view, the large device area, however, i s  good fo r  power diss ipa-  
t ion .  
Considerations re f lec t ing  the special  SIC 
These masks were used i n  the processing of a number of c rys ta l s  . 
and were shown t o  be quite sat isfactory.  
It was necessary t o  modify the mask s l i g h t l y  when it was 
determined tha t  the  s ide etch e f fec t  i n  Sic (?.e. undercutting of  the 
oxide mask during C 1  etching) was negligibly small. The top area of 2 
the etched Sic  region i s  therefore not much greater than the oxide 
opening area. Because of the etching shape factor ,  the bottom area 
of the etched SIC region is  smaller than or ig ina l ly  designed. 
The etching shape factor  is  due t o  the f a c t  tha t  the width 
of the etched trough decreases uniformly as the etching proceeds i n  
depth. The shape fac tor  f o r  Sic has been determined and can be expressed 
as follows: 
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I t  
I I  H 6.35~ 
Fig. 4.2-Series 110 composite mask for field effect transistor 
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p d t h  of the etched 
,trough a t  the  top 1 = [trough a t  t h e  bot tan l  - +2 [etched trough Width o f t h e  etched 
The width a t  the  bottom of the  etched trough controls the  gate 
area of the t r ans i s to r  and d ic ta tes  a l imi t ing  s i z e  of t h e  meta l l ic  con- 
t a c t  area. As a result of t h i s  investigation, the photoresist-etch mask 
has been redesigned ( s e r i a l  no. 110) t o  replace the first one ( s e r i a l  
no. 90). 
of approximately 6 0 ~  f o r  t he  expected range of etching depth and diff'u- 
s ion  depth. 
The new mask w i l l  provide a gate length at  the  contact surface 
The length of the  gate contact i s  l9p. This w i l l  allow about 
0.9 m i l  of tolerance i n  alignment on each side of the contact. 
alignment i s  achieved by aligning on the  i so l a t ion  grooves remaining i n  
the  c r y s t a l  after the  l a p  t o  p lanar i ty  of the device region. 
c r i t i c a l  alignment can be checked before a l loying w i t h  t h e  assis tance of 
t he  del ineat ion of the gate region by the  oxide colorat ion described i n  
t h e  last section. 
This 
This 
The s e t  of photoresis t  masks necessary t o  fabr ica te  t h e  network 
of r e s i s t o r s  f o r  the  amplifier c i r c u i t  is presented i n  Figure 4.3. 
dimensions can be evaluated by using the micrometer scale ,  where the 
smallest d iv is ion  i s  equal t o  10 microns. 
t'ne second Sic 
r e s i s t o r s  network pa t te rn  (white a reas) .  Mask 102/2 is  used t o  remove 
t h e  second Si02 layer Over the dice boundary area. Mask 102/3 is used 
f o r  removing the  second Si02 layer on an area (black) complementary t o  
Mask 
Mask 102/1 i s  used t o  remove 
layer on a patteiiii (tjiack area) c ~ ~ i s i i i e i i t ~ ~ -  to ths 2 
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Mask No. 102/1 Mask No. 102/2 
. E . - -  - I" - = 
I 
Mask No. 102/3 Mask No. 102/4 
Fiere 4.3 Set of photoresist masks to fabricate monolithic 
array Of resistors fo r  integrated Sic amplifier 
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the  r e s i s t o r  area (white); and i s  applied a f t e r  first chlorine e tch  
along the  dice boundary. Mask 102/4 is  used a f t e r  second chlorine etch,  
acceptor diffusion, removal of masking S ic  c r y s t a l  by lapping and 
reoxidation. It serves the  purpose of opening windows in  the Si0 t o  
apply contacts t o  t h e  r e s i s t o r s  terminals. 
2 
Mask 102/5 is used a f t e r  
vacuum deposit ion of the  Au-Ta films f o r  e l e c t r i c a l  contacts and serves 
t h e  purpose of s e l ec t ive ly  removing such metal films fo r  contact 
delineation. 
The network consis ts  of three r e s i s t o r s  whose length/width 
r a t i o s  (commonly re fer red  as number of "squares") are  respect ively 
0.25, 2.5 and 25. Assuming tha t  f o r  a su i tab le  choice of parameters 
t h e  sheet  r e s i s t i v i t y  of the r e s i s to r  mater ia l  w i l l  be 1.6 + 0.4 KR/square 
f o r  the  small cross sect ion r e s i s t o r  and 2 + 0.4 KR/square f o r  t he  large 
cross sect ion resistors, the  three r e s i s t o r s  w i l l  respect ively measure 
0.5, 5 and 40 KR. 
the sheet  r e s i s t i v i t y  of t he  material  or  t he  dimensions of t he  marks. 
- 
- 
Resistors of other  values can be obtained by varying 
The technique adopted here t o  in tegra te  the r e s i s t o r s  network 
i n t o  a s ingle  c r y s t a l  S i c  block, w i l l  y ie ld  three n-type r e s i s t o r  
regions r e s t i n g  i n  a s ingle  crystal. matrix of converted p-type material. 
If properly biased, t h e  resistors w i l l  be i so la ted  with each other and 
frmi p - t ~ ~ e  s ~ & s t r ~ $ e .  
It should be noted, tha t  due t o  applicable experience the  
r e s i s t o r  network and the t r ans i s to r  were fabricated on separate chips. 
However the  process proposed f o r  making e i t h e r  component are fully com- 
p a t i b l e  and near ly  ident ical .  Thus t h e  amplifier can be f u l l y  integrated 
and fabricated on a s ingle  chip. 
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4.2 Processing Procedures 
The procedure through which a given c r y s t a l  progresses t o  t h e  
more f i n a l  t r a n s i s t o r  s t r u c t u r e  was continuously being improved as more 
experience was gained on the  various f ab r i ca t ion  techniques. 
The process i n  use a t  t h e  end of t h e  program i s  given i n  
Table 4.1. 
and resistor follows t he  t a b l e .  
A discussion of t h e  various procedures f o r  t h e  t r a n s i s t o r  
Table  4.1 Device Processing Procedures 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
1 2  
13 
14  
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
r( 
28 
29 
30 
31 
Crystal  Se lec t ion  
Lap t o  8 m i l s  t h i c k  
Chlorine Etch ( i n i t i a l )  
Acceptor Diffusion (No. 1) 
Diffusion Evaluation (No. 1) 
h p  and Polish Carbon Face 
Cross-section Device Crystal 
Oxidat ion 
S t r i p  Si02 
Oxidat ion 
Photoresist  and e t c h  Si02 
Examine Si02 f o r  poor Photores i s t  
H F  Etch cf Si0 
Chlorine Etch ?No. 1) 
Photoresist  and e t c h  Si02 
Chlorine e t c h  (No. 2 )  
Depth evaluation 
Acceptor Diffusion (No. 2 )  
Diff’usion evaluation (No. 2 )  
Acceptor Diffusion (No. 3)  
Diff’usion Evaluation (No. 3 )  
Lap and po l i sh  t o  p l a n a r i t y  
Oxidat ion 
Photoresist  and Etch Si02 from Contact Areas 
Evaporate Al and r e j e c t  mask pho to res i s t  
Sput te r  a l t e r n a t i n g  l aye r s  of Au and Ta ( t o t a l  
Reject mask e t c h  
S i n t e r  
Dicing 
Tungsten Tab Preparation 
Mounting and Alloying 
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1. As s ta ted  the crystals  a re  selected on the basis of s ize ,  
puri ty ,  e l e c t r i c a l  properties and perfection. This data is  obtained as 
described i n  Appendix B. 
the  s t ep  is  the same f o r  the r e s i s to r s  as fo r  the t rans is tors . )  
(Unless spec i f ica l ly  mentioned, the  purpose of 
2. The process requires t h a t  a l l  s t a r t i n g  c rys ta l s  be nearly 
the same thickness. I n  addition, by lapping t o  8 m i l s ,  more uniform 
sect ions of the large,  i n t e r g r a m  crystals  are obtained. 
3. This i n i t i a l  chlorine etch is t o  i d e n t i f y  the polar i ty  of 
the c rys ta l ,  i .e. ,  the s i l i con  o r  carbon face. This etch is fo r  15 min 
a t  1025'~. 
4. I n  t h i s  first diffusion the lower gate is  formed. A 
diffusion depth of -30 microns is aimed f o r  which requires a diffusion 
time of 35-40 hours a t  2000°C. 
5 .  The diffusion depth is evaluated by edge lapping a control 
c r y s t a l  included i n  the  run and delineating the junction by oxidation o r  
e l e c t r o l y t i c  etching. This depth is then a guide fo r  Step No. 7. 
6.  As described previously, the techniques of chlorine 
etching and oxidation proceed a t  a reasonable r a t e  only on the carbon 
face of the  crystal .  
of these two techniques m u s t  be carried out on the  carbon face. 
Therefore the process s teps  which require e i ther  
In t h i s  
step, then, t he  cazbon face is prepared f o r  subsequent operations. Since 
the next diff'usion s t ep  (Step 18) m u s t  be controlled t o  + 1 micron, the 
c r y s t a l  is reduced i n  thickness so that the second diff'usion can be 
- 
shallow and therefore more controllable. Material is removed from the 
carbon face u n t i l  the  total thickness of the c rys ta l  is 25 4-7 microns 
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greater than the first d i f f i s ion  depth, o r  about 55 microns. 
7. A t  t h i s  point, the crystals  t o  be used f o r  the device a re  
polished on two edges and examined microscopically. This assures t h a t  
the lapping has been planar and provides diff'usion data on the c rys t a l  
f o r  the 2nd diffusion. 
8. The c rys t a l  i s  oxidized for  16 hours at 1 1 7 5 O C  t o  form a 
2 2-3 micron S i 0  layer .  This is a surface preparation s t ep  found neces- 
s a r y  t o  obtain a uniform Si02 layer  i n  Step No. 10. 
9. The Si02 layer is completely removed i n  HF, and the  c rys t a l  
caref'ully cleaned i n  alcohol and water. 
10. The cleaned crys ta l  is oxidized fo r  2 hours a t  1175OC. 
This forms about 5000-6000 2 layer  of Si02 upon which the first photo- 
resist pattern is m a d e .  
11. The c rys t a l  is photoresisted through a mask (No. 110/1 
or  102/1) and the i so la t ion  grooves are opened by developing the photo- 
r e s i s t  and removing the SiOe a t  the  grooves with HF etching. 
These isolat ion grooves a re  important for  the following reasons: 
They bring the lower gate t o  the upper surface,  thus 
preventing shorting of the  lower gate by subsequent 
alloying procedures. 
They i so l a t e  the devices i n  a s ingle  c rys t a l  (necessary 
if the  devices are  t o  be tested before dicing).  
They permit contacting the lower gate on the upper 
surface i f  it is not possible t o  contact the mounting 
tab. 
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(a )  If needed, they permit alignment of the photoresist  mask 
a f t e r  lapping t o  planarity (Step No. 22). 
They should permit easier  dicing. ( e )  
12. The en t i r e  c rys t a l  is examined microscopically t o  make 
sure t h a t  the photoresist  does not contain pinholes, e tc .  
13. The c rys t a l  is  etched i n  a buffered HF solut ion f o r  
45 seconds. This s tep  is  done Just p r ior  t o  s tep  No. 14 and gives a 
uniformly clean surface fo r  the chlorine etching. 
14. The photoresisted c rys ta l  is then chlorine etched t o  e tch 
i n  the i so la t ion  grooves. An etch depth near six microns is  aimed for  
and an etch r a t e  on the spec i f ic  c rys ta l  is determined from the actual  
e tch  depth. 
t h i s  operation provides a scribing l i ne .  
An etch temperature of 900-91OoC is  used. For the r e s i s to r s ,  
15. Using Mask No. 110/2 (or  102/3) the c rys t a l  is  photo- 
resisted t o  delineate the upper gate geometry, and etched i n  buffered 
HF t o  remove the Si0 from the upper gate region. 2 
16. The c rys t a l  is again etched i n  chlorine etch i n  the 
An etch depth of 3-4 microns - + 0.5 micron is  upper gate geometry. 
obtained using the  etch r a t e  obtained i n  Step 14. 
a r e  also etched deeper during t h i s  s tep.  In  t h e  r e s i s to r s ,  t h i s  etches 
the i so l a t ion  grooves. 
17. 
The i so la t ion  grooves 
The depth of the chlorine etching i n  Step No. 16 must 
be evaluated quite accurately. 
i f  needed) determines the  f i n a l  channel thickness, and the diffusion 
The diffusion i n  Step 18 (and Step 20, 
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parameters are chosen from the measurements i n  t h i s  step.  
is  determined by a l te rna te ly  focusing the microscope on the surface of 
t he  c rys t a l  and on the bottom of the gate region, and then determining 
the depth from the cal ibrated rack. 
posit ions over the gate region, and a histogram is prepared from these 
readings. A t  t h i s  point, 
also,  t he  depth of the i so la t ion  grooves is  determined. 
The etch depth 
This i s  done on perhaps 40-60 
The depth is determined from t he  histogram. 
18. Using the etch depth determined i n  Step No. 17, a second 
T i m e  and temperature a re  chosen t o  give acceptor diffusion is performed. 
8 channel width of 1-2 microns. 
19. The diffusion depth (and therefore the channel width) is 
evaluated by edge lapping the device c rys t a l  and delineating the junction 
by oxidation. 
20. Based on the r e su l t s  of Step No. 19, a th i rd  diffusion 
may be necessary t o  fur ther  reduce the channel width. 
21. Self explanakory . 
22. The c rys t a l  is lapped t o  planari ty;  the lapping stopped 
at  the upper gate level .  This exposes the  source and drain contact and 
r e s i s t o r  contact; generally >8 microns w i l l  be removed i n  t h i s  procedure. 
23. "he device c rys t a l  is oxidized (30 minutes a t  1175OC) t o  
form a xx>0-3000 a Si02 layer.  
alignment of the metall ization photoresist  masks. 
This is used f o r  gate location and 
24. The c rys t a l  is photoresisted using Mask 110/3 o r  102/4 
and 110/4, and contact windows are opened by buffered HF etching. 
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25. Since no convenient etch is  available fo r  tantalum, a 
Therefore the en t i r e  surface reject ion m a s k  technique must be used. 
is coated with an evaporated Al f i l m ,  about 15000 8 (1.511) thick. 
r e j ec t  mask is now photoresisted (Mask U0/5 or 102/5) onto t h i s  Al 
The 
film and again the contact windows opened by etching i n  NaOH. 
26. Alternate layers of Ta (100 (a thick)  and Au (900 2 thick)  
are sputtered onto the device crystal .  
27. The reject ion mask is n w  etched in  a saturated solution 
of NaOH i n  H20 fo r  1 minute at 100°C. 
the device except at  the contact areas. The device crystal  is  then 
cleaned by an H20 spray. 
28. 
This removes the Au-”a al loy f’rom 
The a l loy  is sintered fo r  15 min a t  gOO°C. This pro- 
cedure is intended t o  increase the homogeneity of the alloy. As a 
result a more continuous contact is formed. 
29. The components on the  c rys ta l  are separated by dicing. 
30. 
31. 
Atungsten t a b  is  coated with an evaporated Au film. 
Three cyl indrical  alumina posts (gold coated on each end) 
and the device are placed on the tungsten t a b  and alloyed ( in  vacuo) a t  
1600°C. 
t o  the posts complete the fabrication. 
Thermocotnpressed gold wires (1 m i l  i n  diameter) f’rom the  device 
To f a c i l i t a t e  following the procedure, the crystal  and 
t r ans i s to r  device s t ructure  are sketched at  various stages of the process 
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and sham i n  Figures 4.4 t o  4.10. 
Figure 4.11 shows a crys ta l  which has been processed through 
Step 23. The devices are all w e l l  defined. This is a small crystal 
which contains o n l y  three devices. 
edge of a device i n  a c rys ta l  which is ready f o r  Step 22. 
is an enlarged edge view of the same crystal .  
v i s ib le  and is about s i x  microns i n  t h i s  device. 
Figure 4.12 (a,b) show the top and 
Flgure 4.13 
The channel is clear ly  
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Figure 4.12 Crystal D-80-20 - Top View (a) and 
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Figure 4.13 C r y s t a l  D-80-x> - Edge View 
Note Diff’usion Fronts (@OX) 
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5. DEVICZ EVALUATION 
The fabricat ion procedures designed fo r  S ic  monolithic 
f inc t iona l  blocks have been t e s t ed  f i r s t  on t h e  unipolar f i e ld -e f f ec t  
t r ans i s to r s  (FET). This t e s t  is now almost f inal ized.  Improvements 
i n t h e  process of metal l izat ion of e l e c t r i c a l  terminals, dice bonding, 
and lead attachment are s t i l l  needed. 
A t  present there  are several  c rys ta l s  i n  d i f f e ren t  s teps  of 
processing, but only the  first three have been completed. These three  
c rys ta l s ,  lY75-34, B O - 2 0  and BO-22 do not represent the best  choice 
of material nor the  best combination of processing techniques; yet  two 
out of the  t o t a l  25 un i t s  on these c rys t a l s  exhib i t  t r a n s i s t o r  charac- 
t e r i s t i c s  a t  room temperature as well as a t  5 0 0 O C .  
gates  on the 25 F'ET s t ruc tures  exhibi t  very good rectif'ying junction 
charac te r i s t ics .  The evaluation methods, de ta i led  da ta  and analysis 
w i l l  be presented as follows. 
Several of t h e  
Preliminary e l e c t r i c a l  evaluation of the  completed FEI' 
s t ruc tu res  w a s  done, using a Tektronix 575 Transistor Curve Tracer. 
The la rge  gate  voltages required by SIC FEC devices presented somewhat 
of a problem because the stepped voltage source of t he  curve tracer 
&sigiied s i l i c r r i  devizea has =;-, : * r r . r . f . f i  m i a n +  * Q m n b  
. A * L " U I I  A b A b A A "  A -*e.-. Tho prnhlem 
w a s  p a r t l y  overcome by grounding the  stepped current source through 
a 1 KR r e s i s t o r ,  thereby obtaining up t o  1OV i n  s teps  of about 1V. 
For l a rge r  gate  voltages, an external  dc voltage source can be used. 
In order t o  obtain the  e l e c t r i c a l  charac te r i s t ics  of these devices as  
a fhnct ion of temperature, the t r ans i s to r  was heated gradually f r o m  
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0 room temperature up t o  520 C and then cooled t o  room temperature again. 
As the temperature of the  u n i t  was increasing and decreasing seve ra l  
p i c tu re s  of the  family of the  FET dra in  c h a r a c t e r i s t i c s  and of the 
se l ec t ed  diode c h a r a c t e r i s t i c s  were obtained from the  curve t r a c e r .  A s  
mentioned above, t h e  contact wiring technique s t i l l  needs some improve- 
ments, therefore  a l l  of the  e l e c t r i c a l  measurements were taken w i t h  
probes connecting the  contacts ins tead  of r egu la r  bonded w i r e s  as planned. 
A l l  measurements were made w i t h  a continuous f l o w  of argon over t he  u n i t s .  
Figures 5 . 1  through 5.4 i l l u s t r a t e  t he  behavior of some 
e l e c t r i c a l  c h a r a c t e r i s t i c s  of s e l ec t ed  S i c  devices as a func t ion  of 
temperature. Figures 5 . 1  and 5.2 show the  reverse and forward charac- 
t e r i s t i c s  of an upper ga te  and a lower ga te  biased w i t h  r e spec t  t o  the  
source electrode. Figure 5.1-a displays t h e  reverse c h a r a c t e r i s t i c s  of 
t h e  diode. It is  i n t e r e s t i n g  t o  not ice  t h a t  the abrupt breakdown 
voltage of t h i s  junction does not decrease wi th  increas ing  temperature, 
although the  "leakage" component of t he  reverse  cur ren t  is  increased by 
a f a c t o r  of three f o r  a 100°C increase i n  temperature. 
forward c h a r a c t e r i s t i c  i n  Fig. 5.1-c, a f t e r  t h e  hea t ing  cycle,  shows a 
change from before heating ind ica t ing  an increased contac t  r e s i s t ance .  
Figure 5.3 shows t he  family of c h a r a c t e r i s t i c s  of one of t he  FET's a s  
a f'unction of temperature. "he maximum transconductance of t h e  device, 
approximately 9Op mhos/mA, decreases as a f h c t i o n  of the  ga te  voltage.  
The sa tu ra t ion  s t r a i n  r e s i s t a n c e  measures approximately 150 KR. 
c h a r a c t e r i s t i c  with V = 0 does not show s a t u r a t i o n  because t h e  d ra in  
voltage vd 1s s t i l l  smal le r  than t h e  pinch-off vo l tage  V 
The s lope  of the 
The 
Q 
P. 
- a2 - 
25OC 
50O-52O0C 
Figure 5.1 
100 -12oOc 
220 - 200° c 
200-22O0C 30O-32O0C 
60-5 ~ O C  25OC 
Device D-80-20 No. 8; Upper Gate to Source Diode 
Characteristics at the Indicated Temperatures 
a-reverse, Nv/’aiv horizontai, O. i tt&/div vertical; 
b-forward, lV/div horizontal, 0.1 mA/div vertical; 
c-forward, 5V/div horizontal, 2 mA/div vertical. 
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25OC l 9 O o C  
5 00 - 5 2OoC 3 20- 280' C 
30O-32O0C 
25'C 
Figure 5.2 Device D-80-20 No. 3; Lower Gate to Source Diode 
Characteristics at the Indicated Temperatures 
a-reverse , 20V/div hor! zontal, 0.1 mA/div vertical; 
b-forward, lV/div horizontal, 0.1 mA/div vertical; 
c-forward, 5V/div horizontal, 2 mA/div vertical. 
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25 OC 
1.35- .9v/step 
S O ° C  
1- . 7 v / ~ t e p  
5 0 0 O c  
1.2-. 8v/step 
2OoOc 
1.4-LOV/Step 
25OC 
1.4-1.2V/Step 
Figure 5.3 Device D-80-22 No. 3; Families of Drain Charac- 
t e r i s t i c s  of Field-Effect Transistor a t  the 
Indicated Temperatures and Gate Drive Conditions. 
A l l  Families w i t h  Upper Gate Shorted t o  Source and 
Lower Gate 3riven Cnly. gV/div horfzontal, 9.5 mA/div 
v z r t i c s l .  
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32OoC 
1OV/St ep 
Figure 5.4 Device D-80-22 No. 9; Families of Drain Charac te r i s t ics  
Of Field-Effect Trans is tor  a t  the Indicated Temperatures 
and Gate Drive Conditions. A l l  Families with m p e r  Gate 
Shorted t o  Source and Lower Gate Driven Only. 10V/dfV 
horizontal ,  5 mA/div v e r t i c a l .  
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The most ev ident  consequence of the temperature increase  is 
the  decrease i n  d ra in  cur ren t  while the transconductance does not  decrease 
very  much. The slope of the  d ra in  c h a r a c t e r i s t i c  is  a l s o  increased w i t h  
temperature. The same q u a l i t a t i v e  considerat ions apply a l s o  t o  t h e  s e t  
of c h a r a c t e r i s t i c s  i n  Figure 5.4. 
r e s i s t a n c e  is  only approximately 20 KQ and the  maximum transconductance 
a t  V = 0 i s  about 30p mhos/mA. 
On t h i s  device,  however, the d r a i n  
Q 
The set of two terminals  e l e c t r i c a l  c h a r a c t e r i s t i c s  l i s ted  i n  
Table 5.1 was obtained w i t h  t he  following condi t ions.  
was biased pos i t i ve  w i t h  r e spec t  t o  a grounded source,  whi le  both gates 
were dr iven with negat ive vol tage.  
measured by biasing the  respec t ive  junct ions i n  forward and reverse w i t h  
r e spec t  t o  t h e  source common t o  drain.  
c h a r a c t e r i s t i c s  i n  every device,  w i t h  j u s t  one exception, t h e  upper ga te  
of D75-34 No. 5. 
of "bands" and " inclusions"  i n  t h i s  c r y s t a l .  
The d r a i n  te rmina l  
"LOwer gate" and "upper gate" were 
IY75-34 c r y s t a l  e x h i b i t s  poor 
Such a poor y i e ld  is  i n  cha rac t e r  w i t h  t h e  abundance 
Crys ta l  BO-20 shows a number of ve ry  good diode junc t ions ,  
but not  one device i n  t h i s  c r y s t a l  shows pinch-off phenomenon. Crystal 
D80-22 has two devices exh ib i t i ng  FET c h a r a c t e r i s t i c s  bu t  only two very  
good diode junctions.  The sur face  of t h i s  c r y s t a l  w a s  no t  as w e l l  
f i n i shed  mechanically and not q u i t e  as deeply oxidized as the sur face  
of D80-20. It i s  poss ib le  then  t h a t  the su r face  of D80-22 was not  
s u f f i c i e n t l y  pol ished and the  mechanical damage w a s  not  completely 
removed by oxidation. 
I 
I 
Table 5.1 SURVEY OF SOURCE-DRAIN, 
LOWER GATE, UPPER GATE CHARACTERISTICS ON FET'S 
Unit No. 4 5 6 7 8 9 10 11 
Source V* 
Drain v V v V v v 
Upper V Gate Good v v v v 
v Lower Gate v v v v V V v 
Unit No. 2 3 4 5 6 7 8 9 10 
Source 
Drain V v v v v v v 
v Good Good Good v V Good V v Upper G a t  e 
Lower 
Gate v Good Good v V v V V v 
C r y s t a l  BO-22 
12 n 4 5 8 7 7 Unit. Nee 2 Z 
V Good V V Source Drain v Good V 
v Ifpper Gate v V V mod Good V 
v Lower Gate V V v v v 
* ?!--.. 
V" indicates poor characteristics 
- a a  - 
I 
Table 5.2 lists Ro values of three crystals .  A comparison of 
Ro values measured over D80-20 and BO-22 seems t o  indicate t h a t  t he  
channel thickness obtained i n  If@-22 was too large. 
The main r e s u l t  achieved during t h i s  program, besides the 
l imited number of devices made so far,  seems t o  be the development of 
a microelectronic process which has been proven t o  be adequate f o r  the 
fabricat ion of f ie ld-ef fec t  t rans is tors ,  a r ray  of r e s i s to r s  and eventually 
integrated amplifiers i n  Sic. The extrapolation involved i n  our statement 
rests on the inferences obtainable from the r e su l t s  already on hand. For 
instance, if the junction properties frequently found i n  D80-20 crys ta l  
were coupled w i t h  the channel conductance found i n  c rys ta l  BO-22, much 
better FET's would be available. 
The techniques used i n  t h i s  process, such as mechanical lapping- 
polishing, chlorine etching, oxidation, aluminum di f f i s ion ,  "a-Au contacts 
metal l izat ion are  now under suf f ic ien t  control t o  achieve reproducibi l i ty  
of r e su l t s .  Considering the device performance demonstrated so far, it 
indicates  t h a t  the high pur i ty  S ic  material  used i n  t h i s  project  has 
t ransport  properties which are adequate t o  implement the expected 
e lec t ronic  functions. 
Table 5.2 VALUES OF THE UNMODULATED CHANNEL 
RESISTANCE, Ro ON FET'S 
Unit No. 4 5 6 7 8 9 10 11 
Crystal BO-20 
Unit No. 2 3 4 5 6 7 8 9 10 
Ro(Q) 4 162 220 42 35 3 1  50 -- -- 
Unit No. 2 3 4 5 7 8 9 12 
R o ( Q )  320 3,100 -- 800 400 1,300 500 800 
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6. CONCLUSIONS 
Electronic systems capable of operating a t  temperature of 
500°C and above a re  needed in  space vehicles.  
t a t i on ,  control  and telemetric applications,  t he  development of high 
temperature integrated c i r c u i t s  f rm  wide-band-gap semiconductors, such 
as Sic ,  becomes a necessity. 
requirements of l i g h t  weight, small s ize ,  law power consumption, high 
r e l i a b i l i t y  and long l i f e .  
For low-parer instrumen- 
Such so l id-s ta te  systems w i l l  meet the  
The f e a s i b i l i t y  of a high temperature SIC integrated c i r c u i t  
Pr incipal  w a s  technologically demonstrated during the  program period. 
fabr ica t ion  processes f o r  SIC monolithic funct ional  blocks have been 
established. These processes a re  comparable with the  modern s i l i c o n  
integrated c i r c u i t  technology. A junction-gate type unipolar f i e l d -  
e f f e c t  t r a n s i s t o r  was designed and fabricated.  The same fabricat ion 
procedure can be used f o r  the r e s i s to r s .  
constructed using the  f ie ld-ef fec t  t r a n s i s t o r  as an act ive cmponent. 
Thus, a S ic  amplifier can be 
"he conclusions of t h i s  investigation can be summarized as 
follows : 
1) Pure n-type S ic  c rys ta l s  having an excess donor concen- 
t r a t i o n  of about io-' cm - and electron mobil i t ies  of 17 -3 
about 300 cm 2 volt-' sec'l a t  25OC and about 40 cm2volt-' 
sec" a t  5OO0C have been rout ine ly  prepared by the  
sublimation-growth technique. 
crystals is adequate f o r  device fabricat ion.  
The qua l i ty  of these 
Further 
reduction of the donor concentration i s  desirable  but 
d i f f i c u l t .  
The diffusion of impurities i n  s i l i c o n  carbide requires  
temperature near 2000°C. 
exists a t  these temperatures, therefore s i l i c o n  carbide, 
i t se l f ,  was used as  a mask. 
developed permitted the  precise  fabr icat ion of compli- 
cated device geometries. The following sect ions discuss 
the  separate operations i n  t h i s  self-masking procedure. 
2 )  
No ef fec t ive  diffusion mask 
The self-masking technique 
2.1) Si l icon dioxide has been grown on s i l i c o n  carbide 
by heating the  c rys ta l s  a t  gOO°C t o  1200°C i n  a c a r r i e r  
gas saturated with water vapor. The oxidation r a t e  was 
found t o  have the  parabolic behavior as  the  steam oxida- 
t i o n  of s i l i con .  
In addition t o  i t s  use i n  the  self-masking process 
the  oxidation technique has also been invaluable fo r  t h e  
following : 
1) del ineat ion of junctions by v i r t u e  of se lec t ive  
oxidation on p-type and n-type mater ia l ,  
2 )  i den t i f i ca t ion  of p o l a r i t y  of S i c  c rys t a l ,  again 
by se lec t ive  oxidation of carbon and s i l i c o n  faces, 
and 3 )  removal of damaged mater ia l  a f t e r  mechanical 
Processing. 
2-21 
device technology has been adapted for  the  fabr ica t ion  Of 
The photoresis t  process, rou t ine ly  used i n  S i l icon  
- 92 - 
the s i l i c o n  carbide junction gate f ie ld-ef fec t  t rans is tor .  
2.3) 
oxygen-argon gas mixture at elevated temperatures has 
been developed in to  a controllable fabrication process. 
Smooth etch surfaces have been obtained with less than 
one micron texture at e tch  depths up t o  twenty microns. 
The etching of s i l i con  carbide *i:ing a chlorine- 
2.4) 
10l8 
junction depths up t o  38 microns have been diffused with 
close control ( w  111) of the junction depth. 
of the sample holder w a s  improved so t h a t  surface decm- 
posit ion is no longer a serious problem. 
A surface concentration of aluminum greater than 
has been attained i n  SIC during diffusion and 
The geometry 
3)  Through the use of  sputtered layers of gold and tantalum 
and photoresist  technique, ohmic alloyed contacts have 
been made t o  the source drain and gate regions of the 
t rans is tor .  In the gate region, contacts 20 microns 
wide by 2000 microns long have been prepared with a 
la rger  a rea  f o r  lead bonding. 
4)  Based on the  successful development of t he  foregoing 
techniques u t i l i zed  for  the junction gate, f ie ld-effect  
t rans is tor ,  the  fabrication of a r e s i s t o r  network on 
the same s i l i con  carbide chip should be realizable.  
- 9 3  - 
5 ) Junction gate type, unipolar f ield-effect  t rans is tors  
have been fabricated and characterized. 
- 94 - 
7. RECOMMENDATIONS 
The development of high temperature integrated c i r cu i t s  should 
be considered as an in tegra l  pa r t  of our space research program because 
of the  unique and v i t a l  function of these c i r cu i t s  involved i n  low-power 
instrumentation, control and telemetric systems. The high temperature 
operating capabi l i ty  of s i l i con  carbide devices has been established. 
A sophisticated process f o r  the  fabrication of s i l i con  carbide integrated 
c i r c u i t s  has been developed. 
such so l id-s ta te  systems with designed character is t ics .  
An expanded e f f o r t  is needed t o  fabr icate  
It is  recommended tha t  f’urther development be made i n  the 
following areas : 
1 )  A study of preparing high pur i ty  n-type as well  as p-type 
SIC crys ta l s  be made fo r  device research. 
Diffusion of aluminum, boron, nitrogen and phosphorus 
and arsenic be investigated with increase of surface 
concentration and surface s t a b i l i t y  being emphasized. 
Epi tax ia l  growth i s  s t i l l  po ten t ia l ly  the best  technique 
f o r  junction formation and should be fur ther  studied. 
The self-masked diffusion process including oxidation 
and chlorine etching techniques be fur ther  studied t o  
improve the precision and reproducibil i ty of the process. 
The alloying technique be fur ther  investigated t o  
increase the  uniformity and precision of the contact 
configuration. 
The mounting and encapsulation processes be developed. 
2) 
3 )  
4) 
5) 
6 )  
- 95 - 
APPENDIX A 
MATHEMATICAL T R E A " T  OF THE AMPLIFlER CIRCUIT SHOWN IN FIGURE 2.3 
Referring t o  t h e  ac equivalent c i r c u i t  Shawn i n  Figure 2.3 and 
assuming tha t  R >> R1, (ucgs << ggs, WC << ggs, we obtain 
Q gd 
Then 
e = R1 e out Rs + R1 ds 
- 
%legs - 
R + R1 
S 
(go + Rs + R1 )eout 
R1 
RS e = e  + - e  i n  gs R1 out 
RS e -  - -  
gs - ein R~ eout 
%('in - RS e out ) = ilR1 go + +out 1 
(3  1 
(4 1 
(5 1 
gm e -- - out 
1 e Rs% Rs + R1 i n  - +  
go + q R1 R1 
-97- 
If >> go and goR1 <el, then 
out %lR1 
e - -  - A  z 
V 
+ Rs% 
in e 
If g,Rs >> 1, then 
R1 
Rs 
A g -  
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( 9 )  
. 
APPEIQDM B 
SUBLIMATION GROWTH OF Sic  PLATELbIT, 
Single c rys t a l  S i c  p l a t e l e t s  used for t h i s  program were pre- 
pared by a closed cavity sublimation technique similar t o  tha t  described 
by kly. ( 4 6 )  The general arrangement for sublimation growth is sham i n  
f ig .  A.1, where a charge a f t e r  sublimation is sectioned thrmgh the 
cavi ty  with grown crystals .  The cavi ty  w a s  a r t i f i c i a l l y  formed within 
a m a s s  of S ic  grain by a t h i n  graphite tube, 5-7 m i l s  thick,  closed a t  
both ends by thicker  graphite disks. (3)  This graphite tube was suffi- 
c ien t ly  permeable t o  allow Sic  vapor t o  pass through so tha t  nucleation 
and c rys t a l  grawth could occur on the inner surface, but a t  the same 
t i m e  w a s  not so permeable as t o  permit excessive nucleation, which would 
result i n  c rys t a l  intergrowth. The grain charge and cavity w e r e  con- 
tained within a graphite crucible positioned within a cyl indrical  
graphite res is tance heater. 
sublimation (under one atmosphere pressure of argon) was su f f i c i en t  t o  
obtain c rys t a l  growth i n  the cavity. 
adjacent t o  the heater sublimed, vapor was transported towards the cooler 
cavi ty  region. 
horizontal ly  presenting a surface for radiat ion t o  the cavity ends t o  
d i s s ipa t e  heat of condensation. 
a period of high i n i t i a l  supersaturation as the growth temperature was 
approached. 
A t  temperatures near  2600°C the r a t e  of 
As the outer portion of the  charge 
Crystals grew as hexagonal p l a t e l e t s  which were oriented 
Crystals were found t o  nucleate during 
- 9 9 -  
Figure A . l  S i c  Charge with Growth Crystals  
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In Figure A . l ,  l i nes  of recrystal l ized material  can be observed along 
the direct ions of vapor transport ,  and the  results of many experiments 
suggest t h a t  the  thermal configuration may be evaluated by supposing 
the isotherms t o  be normal t o  these recrystal l ized "f low l ines".  
Due t o  the high temperature used i n  sublimation growth, and 
t o  the  r e l a t ive ly  porous charge, many materials l e s s  refractory than 
Sic  me removed from the charge by f rac t iona l  sublimation and gaseous 
diff'usion. (2) However the residual concentrations of impurities which 
subs t i tu te  i n  the l a t t i c e  as e lec t r i ca l ly  act ive centers are more s i p  
nif icant .  A reduction i n  these impurity concentrations was the object 
of much of the work i n  t h i s  program. 
boron, and donors are nitrogen and phosphorus. (46747) 
In SIC acceptors a re  aluminum and 
A reduction i n  
the nitrogen impurity concentration is d i f f i c u l t  since the furnace 
contained a quantity of powdered carbon thermal insulation, on which 
nitrogen (admitted each time the  furnace was opened t o  the atmosphere) 
w a s  adsorbed. 
with nitrogen as the dominant donor impurity. 
For t h i s  reason even the purest crystals  were n-type, 
The materials used i n  preparing the charge, and samples of 
the res idua l  charge a f t e r  sublimation were analyzed by emission spec- 
trograph and the results are shown i n  Table A . l .  Commercial "green 
grain" S ic  may be purchased and used as the sublimation source, but 
i t s  use r e su l t s  i n  the growth of excessively impure crystals .  
t h i s  reason, pure s i l i con  needles (prepared by a zinc reduction process 
and obtained from the  Allegheny Electronic Chemicals Corp.) were mixed 
with high pu r i ty  carbon t o  prepare the growth charge. The carbon used 
f o r  t he  reaction w a s  e i the r  AGOT graphite powder (obtained from 
For 
-101 - 
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National Carbon Co. ), o r  baked and degassed TIWMAX carbon powder 
, 
(obtained f rom T. T. Vanderbilt Co.). 
af ter  sublimation shows tha t  the impurity concentrations were below 
Analysis of the residual  charge . 
the  minimum detection l i m i t  of the spectrographic technique used, even 
when s ignif icant  concentrations of zinc were found present i n  the  
i n i t i a l  s i l i con .  Mass spectrographic analysis of pure c rys ta l s  was 
made using a double focusing spectrographic having a resolut ion of 
5OO:l. From t h i s  analysis chromium was found t o  be present a t  a l eve l  
of about 5 ppm, Chromium has not been observed t o  be an e l ec t r i ca l ly  
act ive impurity i n  Sic, but the experiments were not conclusive. In  
one sample phosphorus w a s  a lso  found a t  a l eve l  of 1 ppm, and although 
I 
I - i t s  presence has not been explained, i ts  occurrence i s  evidently unusual 
l 
and probably not s ignif icant .  The nitrogen concentration w a s  not deter-  
mined by mass spectrometry due t o  interference by the m a s s  peak of 
doubly ionized s i l i con  From the Sic matrix. 
The sublimation furnace was constructed i n  8 manner s i m i l a r  
t o  those reported by k l y  and Chang and Krok~(’) and is based on 
a s p l i t  cylinrk-ical graphite resistance heater design by moll. (48) 
The f’urnace w a s  insulated with several  graphite shields and a small 
L 
volume of f i n e  carbon powder, a l l  located within a water-cooled 
vacuum chamber. Pr ior  t o  positioning the  charge within the  heater, 
all the  graphite elements and insulation were baked by heating the 
f’urnace t o  near 2700°C, as measured on the outer surface of the 
graphite heater. 
ture of ~ l l o o o o  during the  bake-out. 
w a s  reduced t o  2000’ and the  furnace pumped t o  less than 
The outer most graphite insulat ion reached a tempera- 
After several hours the temperature 
t o r r  
t o  increase  t h e  removal r a t e  of v o l a t i l e s .  After bake-out t h e  sublimation 
growth was  made i n  two s teps .  
f o r  considerable t i m e ,  t y p i c a l l y  48 hours, a t  a temperature varying from 
1300 t o  22OOoC. 
and v o l a t i l e  impurit ies i n  t h e  charge. A t  first, t h e  degassing tempera- 
t u r e  w a s  kept below the  melting point of s i l i c o n  t o  prevent r eac t ion  Of 
t he  s i l i c o n  and carbon m i x t u r e  u n t i l  the gas pressure  l e v e l  i n  the  
furnace, and p a r t i c u l a r l y  t h a t  of nitrogen, w a s  reduced. 
of the degassing w a s  done a t  a hea ter  temperature of 2000°C, huwever 
degassing at 220OOC f o r  an add i t iona l  4-6 hours r e s u l t e d  i n  increased 
c r y s t a l  purity.  
temperature, along with a t t e n t i o n  t o  t h e  prevention of contamination a r e  
presumably the reasons f o r  t he  marked improvement i n  c r y s t a l  pu r i ty .  
After degassing, pressures of less than 10 t o r r  were r o u t i n e l y  obtained 
a t  1900°C, however a more use fu l  measure of t h e  furnace condition p r i o r  
t o  growth was the  degassing rate. 
increase i n  gas volume after t h e  pumping system was valved of f  from t h e  
flcrnace. An increase i n  volume of 100 micron- l i te rs  w a s  used as a 
standard measurement t o  avoid any non-linear e f f e c t s  i n  t h e  pressure-time 
re la t ionship .  
of the  i n t e r n a l  p a r t s  wi th in  t h e  f'urnace, f o r  leakage i n t o  t h e  furnace 
w a s  below the l e v e l  of de t ec t ion  with a helium mass spectrometer. 
The first consisted of vacuum degassing 
This degassing reduced t h e  volume of adsorbed gases 
The major por t ion  
The extended degassing t i m e  and t h e  high degassing 
-6 
This r a t e  was measured as t h e  ra te  Of 
The degassing rate w a s  pr imar i ly  a measure of t h e  degassing 
The second s t e p  i n  t h e  program, crystal growth, was c a r r i e d  
out Only when the  degassing rate w a s  reduced t o  below 200 micron- l i te rs  
per hour at 1900°C. Since t h e  furnace volume was near 200 l i ters,  t h i s  
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rate corresponds t o  a rate of increase i n  pressure of lmic ron  per hour. 
The sublimation growth w a s  m a d e  i n  an ambient of pure argon gas having 
a nitrogen concentration of l e s s  than 5 ppm (the detection l i m i t  of 
ordinary mass spectrometry fornitrogen). 
mgon supply tank t o  the furnace were pumped p r i o r  t o  admission of the 
gas. Growth runs were made a t  a temperature of 26OOoC f o r  a period of 
12-20 hours. W g e r  c rys ta l s  were grown by f i r s t  preparing high pur i ty  
grain Sic  by reacting pure Si  and C, crushing t h i s  g r a i n  under an i n e r t  
atmosphere and constructing f romth i s  denser grain a second charge of 
higher density. The added mass of Sic  allowed longer growth t i m e s  t o  
be used, resu l t ing  i n  increased crys ta l  size.  A few colorless trans- 
parent crystals ,  measuring 5-7 mm across the p l a t e l e t  face, are  shown 
i n  Figure A.2. The crys ta l s  grown were primarily of the 6H polytype, 
however, pure and mixed crys ta l s  of the 4H and l 5 R  polytypes were a l s o  
observed. 
The l i nes  connecting the  
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5 mm 
I 
Figure A.2 High Purity Sublimation Grown S I C  Crptals  
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APPENDIX c 
EPITAXIAL GROWTH OF S i c  BY THERMAL REDUCTIOIV 
The f e a s i b i l i t y  of using the thermal reduction of mixtures 
of carbon and s i l i con  te t rachlor ides  with hydrogen fo r  the  isoepi taxial  
growth of s i l i con  carbide, i n  a manner s i m i l a r  t o  the ep i t ax ia l  growth 
of s i l i con  by the hydrogen reduction of s i l i con  te t rachlor ide,  has been 
reported. (4) The epi tax ia l  growth of s i l i con  carbide, however, poses 
the complicating problem i n  tha t  it ex i s t s  i n  cubic and hexagonal 
phases with the l a t t e r  possessing a va r i e ty  of polytypes. 
i n  the ear ly  word4)  t h a t  e i the r  phase could be deposited on the basal  
planes of hexagonal s i l i con  carbide substrates,  depending on experimental 
It w a s  found 
7 conditions. F'urthermore, the cubic phase w a s  gram a t  substrate  tempera- 
tures (brightness) of 166oo-1775Oc, and the  hexagonal phase was grown on 
mechanically polished substrates a t  brightness temperatures higher than 
1725OC. 
I n  the  work on t h i s  program the ep i t ax ia l  growth of s i l i con  
carbide on the basal planes of hexagonal s i l i con  carbide substrates by 
the  thermal reduction technique has been f'urther studied with the aim 
of preparing homogeneously doped layers. 
mentai techniques were devised t o  prepare ep i tax ia l  s i l i con  carbide 
layers  with s t ruc tu ra l  perfection s i m i l a r  t o  t h a t  of the substrate.  
To achieve th i s ,  new experi- 
Doping techniques were also developed t o  control the conductivity type 
and carrier concentration of the ep i tax ia l  layer. 
t h e  epitaxial s i l i con  technology that the  s t ruc tu ra l  perfection of the  
It is  established i n  
ep i t ax ia l  layer prepared under proper conditions of substrate  temperature 
and growth r a t e  is determined predominately by the pur i ty  of the  growth 
apparatus and reactants,  and the surface condition of the substrate.  
Contaminants from the growth apparatus and fmeign impurities on the 
substrate  surface are the pr incipal  causes of imperfections i n  the epi- 
t a x i a l  layer. 
growth of hexagonal s i l i con  carbide, the pur i ty  of the growth apparatus 
is  more d i f f i c u l t  t o  maintain than i n  the s i l i con  process. 
the  rf susceptor f o r  the support and heating of s i l i con  carbide substrates  
m u s t  be s table  and ine r t  toward s i l i con  carbide and the reactants  under 
the  conditions used i n  the growth process. The choice of susceptor 
material is therefore limited. 
carbide at  high temperatures, and graphite and re f rac tory  carbides, 
including s i l icon  carbide, react  w i t h  hydrogen t o  form hydrocarbons. 
Refractory s i l i c ides  were found t o  be more s t ab le  under conditions used 
fo r  the ep i tax ia l  growth of s i l i con  carbide. 
tantalum w a s  used as the susceptor i n  t h i s  work with sa t i s f ac to ry  r e su l t s .  
Because of the temperatures required f o r  the epitaxial 
For example, 
Refractory metals reac t  with s i l i con  
Tantalum sil icide-coated 
The substrate  surface should be free From foreign impurities 
and mechanical damage. The usual etching and cleaning operations are 
not en t i r e ly  sat isfactory,  and it is advantageous t h a t  the  substrate  
surface be chemically etched with a gaseous reagent i n  the  react ion tube 
M e d i a t e l y  pr ior  t o  the growth process. 
has been shuwn t o  be useful f o r  producing e p i t a x i a l  s i l i con  layers  of good 
perfection. (49) Chlorine-oxygen mixtures (**I o r  hydrogen (23) can be used 
88 etchants. 
smooth surface and is par t icu lar ly  convenient t o  use i n  t h i s  process. 
The i n  s i t u  etching of substrates  -- 
The hydrogen e tch  provides a clean and microscopically 
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Electronic grade s i l i con  te t rachlor ide and carbon te t rachlor ide 
were used for the  ep i tax ia l  growth of s i l i con  carbide. They were introduced 
in to  the reaction tube by using a measured amount of hydrogen as a ca r r i e r  
gas. The hydrogen w a s  pur i f ied by d i fmsion  through a palladium-silver 
alloy. Since nitrogen i s  e l ec t r i ca l ly  act ive i n  s i l i con  carbide, the 
s i l i con  and carbon te t rachlor ides  were thoroughly outgassed t o  remove 
dissolved a i r  and the growth system was made gas-tight t o  minimize any 
undesirable doping. 
Hexagonal s i l i con  carbide p l a t e l e t s  w i t h  main faces of (0001) 
or ientat ion grown by the sublimation t e c h n i q ~ e ( ’ ’ ~ ’ ~ ~ ’ ~ ~ )  were used as 
substrates  fo r  the ep i tax ia l  growth process. They were selected on the 
- basis of opt ica l  examination and were etched i n  a molten 1:3 sodium 
peroxide-sodium hydroxide m i x t u r e  t o  determine the polar i ty  of faces. (50)* 
The face of the substrates  with the desired polar i ty  was then successively 
lapped with boron carbide and polished w i t h  diamond paste. The substrates  
were subsequently cleaned ul t rasonical ly  i n  hydrofluoric acid and water. 
The growth experiments were carr ied out i n  a gas f l o w  system, 
using a horizontal, water cooled quartz tube of 2.5 cm I.D. w i t h  gas 
inlet  and exhaust tubes. The s i l icon  carbide substrates were supported 
on a tantalum sil icide-coated tantalum susceptor i n  the react ion tube, 
and the  susceptor heated externally by an rf generator. 
growth process, the  substrates were etched w i t h  hydrogen a t  l b y ~ - l ( W ~ C  
Prior t o  the 
.--n _ _ _  n.** 
* 
The (0001) and OOOi) faces of  hexagonal s i l i con  carbide exhibi t  
d i f f e ren t  etching behaviors toward molten sodium peroxide. One face 
remains smooth and the other becomes rough i n  appearance. 
has been shown i n  a recent work t o  be the s i l i con  face. (7) 
A l l .  temperatures reported here were brightness temperatures measured 
w i t h  a micro-optical pyrometer. 
lower than the  t rue  temperature because of the  emissivity correction of 
e-ilicsii cebfce si; ‘;he E f 1 2 c t i c ~  loas et the vc cf f.hp yeAef.inn kiihe,  
The former 
** 
These temperatures are about 100°C 
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t o  remove about 10 microns of s i l i c o n  carbide from the substrate .  
k i n g  the  growth process, the  substrates  were maintained a t  
1'700°-17150C. 
t r a t i o n  of s i l i con  and carbon te t rachlor ides  i n  the reactant  m i x t u r e  
w a s  0.04-0.1$. 
reactant  over the substrate  surface i n  our apparatus a t  room temperature 
w a s  about 12  cm/sec, and t h i s  high l i n e a r  veloci ty  was e s s e n t i a l  t o  
provide a uniform f lux  of t h e  reactant  over the substrates .  
The flow rate of hydrogen w a s  2.5 l/min, and the concen- 
Under these conditions, the l i n e a r  ve loc i ty  of the 
The s t ruc tu ra l  perfection of deposited s i l i c o n  carbide layers  
w a s  evaluated pr incipal ly  by chemical etching technique and op t i ca l  
microscopy. kpe r fec t ions  i n  these layers  were r ead i ly  revealed by 
etching the  specimen w i t h  a 3:l NaOH-Na202 m i x t u r e  a t  700°C f o r  5-15 
sec. 
Under proper conditions of c leanl iness ,  the  s t r u c t u r a l  per- 
fec t ion  of e p i t a x i a l  s i l i c o n  carbide layers is  af fec ted  by the  subs t ra te  
temperature, growth rate, imperfections i n  subs t ra tes ,  e tc .  Using a 
given hydrogen flow rate a t  a given subs t ra te  temperature, the growth 
rate of s i l i con  carbide depends on the concentrations of s i l i c o n  and 
carbon te t rachlor ides  i n  the reac tan t  mixture. In t h i s  work, equal 
concentrations of carbon and s i l i c o n  te t rachlor ides  were used. Table 
A . 2  summarizes the  growth rate of s i l i c o n  carbide layers on the s i l i c o n  
face of t he  substrate  as a m c t i o n  of the  reac tan t  composition; the 
substrate  temperature was 1700°C and the hydrogen f l o w  r a t e  w a s  2.5 a/min. 
(The growth rate w a s  found t o  be approximately SO$ greater on t h e  carbon 
face Of the substrate.  ) The observed growth rate is  the  ne t  r e s u l t  of 
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the deposition of s i l i con  carbide by thermal reduction and t h e  etching 
of s i l i con  carbide by hydrogen. Since the etch r a t e  of s i l i con  carbide 
by hydrogen is considerable a t  the  temperature used f o r  the deposition 
process, approximately &/min, the  composition of the reactant mixture 
Table A . 2  
GROWTH RATE OF EPITAXIAL SILICON CARBIDE LAYERS 
AS A FUNCTION OF REACTAmT COMPOSITION 
(Brightness Temperature of Substrate 3: 17OO0C, H2 Flow Rate = 2.5 a/min) 
Mol $ of CClh and Sic14 
0.055 
0.060 
0.075 
0 . 0 9  
Grazth Rate, p/min 
etching 
0.4 
0.7 
polycrystall ine growth 
becomes very c r i t i c a l .  
e x i s t s  a def in i te  reactant composition a t  which no net deposition of 
s i l i c o n  carbide occurs, and any deviation from t h i s  composition r e su l t s  
i n  the  etching of the substrate o r  the  deposition of s i l i con  carbide. 
As indicated i n  Table A.2 ,  t h e  s i l i con  carbide substrates  were found t o  
be etched when the concentration of carbon and s i l i con  te t rachlor ides  
w a s  0.055% or  less. As the  concentration of t he  te t rachlor ides  w8s  
Under a given s e t  of growth conditions, there 
=f " 4  1 .t -A- -.-La 1- :------- 
o A A A \ - u i i  c.aI  uIuc LLiGL eaacsd a r a i i i r m l ' l t r  -lnrrmnae&l Ckn mm4I.r -4-n 0- --'L'-..YJ ---A buub.u, "'*b 8'. vn Y A A  J. CZUL 
rapidly.  
t he  grown layer had large areas of apparently polycrystall ine material. 
However, at  tetrachloride concentrations of 0.08s or higher, 
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Chemical etching and opt ica l  microscope 
t h a t  ep i tax ia l  layers grown a t  rates of about 0.5 
examinations indicated 
microns/min were s imilar  
t o  the substrate i n  s t ruc tu ra l  perfection and t h a t  defects i n  the gram 
layer  were usually propagated from the substrate.  An example is  given i n  
Figure A.3 where a noted defect i n  a grown layer i s  correlated,  a f t e r  the 
removal of t h i s  layer ,  with defects i n  the substrate .  The apparent 
unevenness of t h e  substrate surface was due t o  the  higher e tch r a t e  i n  
the defect areas. 
The e p i t a x i a l  growth of hexagonal s i l i con  carbide layers of 
good s t ruc tura l  perfection w a s  achieved only over a l imited temperature 
range. 
s i l i con  tetrachlorides,  the grown layer  w a s  of cubic phase a t  tempera- 
tures below 1700°C. These layers were characterized by high concentra- 
t ions  of l inear  e tch figures at  60' or  120' t o  each other (Figure A.4) ,  
and these etch figures a re  presumably stacking fault t races .  Hexagonal 
s i l i con  carbide layers  were grown from 1700° t o  173OoC, and no growth 
occurred at  high temperatures due t o  the increased etching rate of 
s i l i con  carbide by hydrogen. Even when the concentrations of carbon and 
s i l i con  tetrachlorides i n  the reactant m i x t u r e  were increased by a factor  
of four, no growth w a s  observed a t  substrate  temperatures above 1750 C. 
The e l e c t r i c a l  properties of ep i t ax ia l  s i l i c o n  carbide layers  
Using a reactant  m i x t u r e  containing 0.06-0.065$ of carbon and 
0 
obtained by the thermal reduction technique without in ten t iona l  doping 
are determined predominately by impur5ties i n  the reactant  mixture and 
i n  the G a r t h  apparatus. 
t r o l l e d  addition of dopants i n t o  the  reac tan t  can y ie ld  ep i t ax ia l  layers 
When these impurity e f f e c t s  are known, con- 
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Figure A.3 As-grown surface of an e p i t a x i a l  s i l i c o n  carbide layer 
showing s t r u c t u r a l  defec ts  (upper photograph). 
defects  were correlated with those i n  the  subs t r a t e  
a f t e r  t h e  removal of the  e p i t a x i a l  layer (lower photograph). 
These 
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Figure A.4 Linear e t ch  f igures  associated w i t h  s tacking faults 
i n  a cubic s i l i c o n  carbide l aye r  deposited on a 
hexagonal subs t ra te .  
Figure A.5 An e p i t a x i a l  p-n junc t ion  i n  s i l i c o n  carbide 
del ineated by e l e c t r o l y t i c  e tch ing  of a 
v e r t i c a l l y  cross-sectioned sur face .  
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of desired conductivity type and carr ier  concentrations. Junction 
structures can be prepared accordingly by programming the type and con- 
centration of the dopant during the growth process. 
Rectif'ying junctions were made by depositing e i the r  n-type 
ep i tax ia l  layers on p-type substrates or vice versa. Figure A.5 shows 
a p-n junction delineated by e lec t ro ly t ic  etching of a ver t ica l ly  
cross-sectioned surface. 
a low forward voltage (1.5 - 2.5 V a t  1-5A) with a reverse capabili ty of 
50 V at  5OOoC. 
These ep i tax ia l  junctions generally exhibited 
A number of experiments were carried out, aimed a t  preparing 
ep i t ax ia l  Junctions with a higher reverse capability, but none of these 
were successful. 
During most of the processing steps described ea r l i e r ,  the  
P 
device c rys ta l  is between 25-35 microns thick. 
be handled but the poss ib i l i ty  of breakage is  high. 
were made t o  grow layers of polycrystalline SIC on a Sic substrate. 
Such t h i n  specimens may 
Therefore, attempts 
These layers would then ac t  as a mechanical support, simplifying the 
processing. 
"his type of layer was produced using dimethyldichlorosilae 
[(CH3)2SiC12). 
forming the s i l i con  and carbon vapor species. 
I n  the presence of hydrogen t h i s  compound is reduced 
These experiments were 
carr ied out i n  the experimental apparatus used fo r  the thermal reduc- 
t i o n  epitaxy except t ha t  a single saturator f i l l e d  w i t h  (CH ) SiC12 
served 8s a source of both S i  and C. This saturator  w a s  maintained a t  
25'C during the  run where the vapor pressure is about 100 torr. 
3 2  
Growth times of 20-60 minutes were used w i t h  growth tempera- 
tures between 1 2 0 0 ° C  and 1 6 5 0 O C .  
temperatures of 140O-145O0C. 
yellow powder layer  w a s  formed. 
polycrystall ine layer was also grown under the puwdery layer. 
temperatures below 135OoC the layers were blackish and carbon r ich ,  
having no mechanical s t a b i l i t y .  
Best r e su l t s  were obtained using 
A t  1550 and 165ooc, a loosely adherent, 
In one experiment a t  165Ooc, a 1 m i l  
A t  
N e a r  14OO0C, however, the layers adhered t i g h t l y  t o  the  sub- 
s t r a t e .  They were mainly composed of elongated rods, more or  less 
randomly packed on t h e  surface. Figure A.6 shows such a layer  a t  2OOX. 
I n  several  cases, t h e  layer  surface appeared t o  have a higher degree of 
order, and hexagonal p l a t e l e t s  were noted. This i s  shown i n  Figure A.7.  
The growth r a t e  obtained i n  these experiments was about 
20 times tha t  of the normal thermal reduction technique, 1.e. about 
20 mils/hour. The layer was n-type although no dopant was added t o  
the growth system. The conductivity is presumably due t o  inadvertant 
nitrogen doping. 
Several c rys ta l s  were cross-sectioned t o  reveal the interface 
between the  polycrystall ine layer and the substrate .  
such a layer  gram i n  1 hour a t  139OoC. 
substrate  as polished. After a short  chlorine etch the in te r face  is  
delineated and the layer shows a polycrystal l ine nature as  seen i n  
Figure A.8b. 
between t h e  layer and the substrate  was qui te  good, and t h e  layer  
Figure A.8  shows 
Figure A.8a shows the layer- 
An enlarged view is shown i n  Figure A.8c. The bonding 
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Figure A.6 Polycrystalline S I C  Deposit 
2OOX 
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Figure A.7 SIC Xapr Prepared U s i n g  (CH ) SiC12 (5OOX) 3 2  
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Polycrystal  
the top  (10 
surface on 
XI 
polycrystal  layer  on a 
s ingle  c r y s t a l  subs t ra te  
(1OOX) The top  darker 
port ion is polycrystal  
layer. 
(2c) Ehlarged view of Figure 
(3) (225x1 
Figure A.8 Cross-sectional views of polycrystal l ine S I C  l ayer  
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. 
possessed adequate mechanical properties, but the surface was generally 
suff ic ient ly  irregular tha t  a lapping operation would be needed. 
f la t  surface is  needed so tha t  the other processing steps can be carried 
out. ) 
not successful and t h i s  approach w a s  not folluwed due t o  a lack of time. 
(A 
Experiments designed t o  grow layers having uniform surfaces were 
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APPEmDIX D 
EVALUATION OF SUBLIMATION-GROWN CRYSTAIS 
AND EPITAXIAL LAYERS O F  S i c  
The c r y s t a l s  grown by the sublimation technique were n-type 
with donor ( N  ) and acceptor (Na)  concentrations unmeasurable by 
ordinary and mass spectroscopy. Therefore an i n d i r e c t  determination 
d 
of the ac t ive  impurity concentration was necessary. 
The excess donor concentration (Nd-Na) and t h e  e l ec t ron  
mobi l i ty  were measured between 78' and 900°K by Hall and r e s i s t i v i t y  
methods, The H a l l  mobili ty i s  sens i t i ve  t o  t h e  t o t a l  number of ac t ive  
impur i t ies  (Na + N ), but was a l s o  thought t o  be s e n s i t i v e  t o  unidenti-  
fied impurit ies as w e l l  as s t r u c t u r a l  defec ts .  For t h i s  reason some 
a 
o the r  method o ther  than mobili ty measurement was des i r ed  i n  estimating 
t h e  acceptor concentration (ma). 
An a l t e r n a t e  method of determining t r a c e  concentrations of 
t h e  acceptor impurity, aluminum, is based on the  cont r ibu t ion  of  the 
aluminum-nitrogen p a i r  t o  t h e  photoluminescence of c r y s t a l s  exc i ted  by 
u l t r a v i o l e t  l i g h t  a t  &OK. Patrick,  Choyke and Hamilton have made 
d e t a i l e d  evaluations of t he  exciton spec t r a  i n  several S i c  polytypes. 
Although the  aluminum concentration could not be determined qiiantf-  
t a t i v e l y ,  due t o  t h e  complex nature of t h e  exciton spec t r a  from the  
aluminum-nitrogen p a i r s ,  t h e  r e l a t i v e  i n t e n s i t i e s  were compared on a 
crystal t o  c r y s t a l  bas i s  and these were i n  tu rn  compared w i t h  t h e  Hall 
m o b i l i t i e s  measured on the  same c rys t a l s .  In a l l  c r y s t a l s  compared, a -
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decrease i n  the relative i n t e n s i t y  of t he  p a i r  spec t ra ,  and hence a 
decrease i n  the  aluminum concentration, corresponded t o  an increase  i n  
t h e  H a l l  mobility. 
c r y s t a l  pu r i ty  may be based on the Hall mobi l i ty  above, f o r  it is 
apparent t h a t  t h e  mobi l i ty  is  pr imar i ly  s e n s i t i v e  t o  t r a c e  concentra- 
t i o n s  of acceptor impur i t ies  and as t h e  t o t a l  number of donor impurit ies.  
The H a l l  mobili ty is  ev ident ly  r e l a t i v e l y  independent of o ther  t r a c e  
impurit ies and t h e  s t r u c t u r a l  defec ts  i n  these c r y s t a l s .  
Thus t o  a good approximation, t h e  eva lua t ion  of  
R e s i s t i v i t y  and Hall measurements were made using t h e  van der 
Pauw technique. (51) 
from indiv idua l  c r y s t a l s .  
using gold-tantalum so lde r  on lar r e s i s t i v i t y  samples. 
bonded directly t o  t h e  gold-tantalum contacts,  and w i t h  an antimony 
doped gold so lder  t o  the s i l i c o n  contact.  The contact diameter w a s  small, 
so t h a t  t h e  in te r -contac t  d i s tance  t o  contac t  diameter r a t i o  w a s  a t  l e a s t  
10, minimizing s e n s i t i v i t y  t o  t h e  co r rec t ion  f a c t o r  i n  the  van der Pauw 
ca lcu la t ion .  The contacted samples were a t tached  t o  an alumina p l a t e ,  
and the  assembly i n s e r t e d  i n  a f i x t u r e  which provided e x t e r n a l  contac ts .  
This fixture was posit ioned wi th in  a m n a c e  f o r  high temperature 
measurements, and wi th in  a small heater immersed i n  l i q u i d  nitrogen 
f o r  low temperature measurements, so the  temperature could be adjusted 
by equ i l ib ra t ion  between the  hea t  supplied and t h e  l i q u i d  nitrogen. 
Disks of 55 t o  250 m i l s  diameter were c u t  by cavi t ron  
Small 10 m i l  diameter ohmic contac ts  were made 
Gold leads were 
h i n a r  layers p a r a l l e l  t o  the p l a t e l e t  face, such as those 
s h ~ w n  i n  Figure A-9, were of ten  observed i n  S ic .  
frequently assoc ia ted  wi th  a polytype change o r  a twin boundary. 
These layers were 
A 
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common example is a "double sided" c rys ta l ,  6H on one side and l 5 R  on 
t h e  other face. 
r e s i s t i v i t y  calculation, t he  e f fec t  of such multilayered s t ructures  
on the measurements was determined. 
t o  e f f ec t  the measurements, so a l l  c rys ta l s  were checked by microscopy 
and transmission h u e  methods for  bar r ie rs  before measurements were 
made. When extraneous layers  were found present, theywere removed by 
lapping before making the measurements. 
Since the sample thickness must be known fo r  t h e  
The presence of layers was found 
Figure A-10 shows t h e  excess donor concentration (N - Nd) 
Curve l w a s  obtained 
a 
f o r  5 growth preparations of differ ing purity.  
using an impure, high r e s i s t i v i t y  sample known t o  be compensated w i t h  
aluminum. 
temperature r e s i s t i v i t i e s  ranging frm 0.09 t o  1 ohm-cm. 
concentration from impurities within the highly compensated sample 1 
increases rapidly w i t h  temperature, while  the pure c rys t a l  samples 
tend t o  sa tura te  a t  donor concentrations up t o  3 x 
In t r in s i c  conduction was not observed a t  the highest temperatures 
measured (w 900OK). 
The remaining samples were pure crystals  having room 
!he ca r r i e r  
3; per cm . 
The H a l l  mobili t ies calculated f o r  t h i s  s e r i e s  of crystals  
are plot ted i n  Figure A-11. The mobili t ies compared a t  any one tempera- 
ture increase i n  t h e  series as tne excess donor concentration increases, 
with the exception of sample 2 which exhibi ts  the highest mobility and 
the  lowest concentration i n  the ser ies .  Those samples i n  which the 
mobili ty increases as the excess donor concentration increases are 
l i k e l y  compensated, reca l l ing  that  the  aluminum-nitrogen pa i r  spectra 
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Figure A.9 Laminar Layers i n  SIC Crystal 
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w a s  roughly correlated with the mobility. 
t i on  (Na + Na) must be decreasing by a reduction i n  (rS,), wh i l e  (Nd - Na) 
is increasing. The character is t ics  of sample 2 on the  other hand may 
be explained as a reduction i n  both (Nd) and (Na), where the nitrogen 
donor concentration and the compensating acceptor concentration are  
lower than the other c rys ta l s  of the ser ies .  
temperature f o r  t h i s  sample was 462 em /volt-sec, reaching a peak of 
1225 cm*/volt-sec a t  130°K. Crystals such as sample 2 were used f o r  
fabr icat ion of all-diffused unipolar t rans is tor .  
The t o t a l  impurity concentra- 
The mobility value a t  room 
2 
Epitaxial  s i l i con  carbide layers grown by the  thermal reduction 
technique without intent ional  doping were n-type, with representative 
room temperature r e s i s t i v i t y  of 0.07 oh-cm, mobility of 290 cm /V-sec, 
and ca r r i e r  concentration of 3 x It is believed t h a t  these 
2 
ca r r i e r s  were due t o  res idual  nitrogen i n  the reactants  and i n  the  
apparatus. 
When dopants were introduced in to  the reactant mixture under 
conditions yielding ep i t ax ia l  s i l icon carbide layers of good perfection, 
the gruwth r a t e  w a s  found t o  increase more than 50&, w i t h  degradation i n  
the  qua l i ty  of t he  layer.  
the  concentrations of carbon and s i l icon  te t rachlor ides  i n  t h e  reactant 
w e r e  reduced t o  0.04% t o  achieve a marth rate of 0.5 microns/min. The 
e l e c t r i c a l  properties of several  representative doped layers,  measured 
a t  room temperature, a re  summarized i n  Table A-3. 
layers showed a s igni f icant ly  higher mobility than similarly doped 
nitrogen or  arsenic  doped layers. 
To obtain doped layers  of good perfection, 
The phosphorus doped 
-1q - 
Table A-3 
ELEXTRICAL PROPERTIES OF DOPED SILICON CARBIDE 
fayera Measured at Roam Temperature 
Flow Rate of Dopant, Res is  t ivi ty , Mobility Carrier Concn. , 
mol/min. O h - C m  cm2/v-a e; cm-3 
6 x N2 
N, 2 x 
2 
PH3 0.5 x 
PH, 2.2 x lo-6 
;I 
ASH, 0.5 x 
0 053 
0.023 
0.07 
0.02 
0.32 
9 . 4  
48 
52 
15 5 
109 
37 
2 
2.8 x 
18 6.0 x io 
18 2.6 x io 
5 10~7 
16 4 x 10 
5.6 x 
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